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Multi-wall carbon nanotubes (MWCNTs), catalytically grown by chemical vapour
deposition (CVD), have been successfully employed in the development of bulk
composites, where aluminium alloys (Al-4%Cu-1%Mg-0.5%Ag, called WFA) or
commercial pure magnesium have been used as matrix, while MWCNTs served as
interface modifiers and/or reinforcing phase. Four different composites, WFA or Mg
reinforced with 25% volume fraction of Al2O3 SAFFIL fibres coated or not with
MWCNTs were processed by low pressure infiltration. Two other composites, made of
pure Mg reinforced with 1% and 2% weight fraction of MWCNTs, were fabricated by
powder metallurgy.
Scanning Electron Microscope (SEM) revealed fine microstructures of the
produced specimens: locally homogeneous distribution of carbon nanotubes (CNTs) in
1% and 2% of CNTs reinforced Mg composites, and overall uniform dispersion of
SAFFIL fibres in WFA-25%SAFFIL-CNTs and Mg-25%SAFFIL-CNTs. However,
CNTs are not visible in WFA-25%SAFFIL-CNTs and Mg-25%SAFFIL-CNTs in this
scale. It could be assumed that together with SAFFIL fibres, they are embedded
completely in the matrix. A substantial increase in Young’s modulus has been attributed
to the addition of CNTs as well as the effective interface bonding between CNTs and
matrix.
Elastic and anelastic properties of the specimens of the six composites have been
investigated by mechanical spectroscopy. Mechanical loss and shear modulus were
characterized as a function of temperature. The obtained experimental results have
demonstrated positive impacts of MWCNTs on the elastic and anelastic properties of
these composites, by comparing to the corresponding MWCNTs-free materials,
respectively, and the advantages of using CNTs as reinforcements in metal matrix
composites (MMCs).
A significant increase in transient damping due to CNTs has been measured in
WFA-25%SAFFIL-CNTs and Mg-25%SAFFIL-CNTs. It indicates that a SAFFIL-matrix
interface softening has been achieved. This has been interpreted by theoretical modelling
as due to an additional density of mobile dislocations nucleated by CNT tips in the
interface between SAFFIL fibres and matrix. On the other hand, the CNTs far away from
the SAFFIL-matrix interface are assumed to pin dislocation loops, leading to a decrease
in their mobility. Dislocation motion controlled by solid friction has been identified as the
relaxation mechanism of thermal stresses.
Damping in Mg-2%CNTs remains approximately as high as in pure Mg.
Mechanical loss spectrum obtained in both Mg-1%CNTs and Mg-2%CNTs is composed
of a relaxation peak superposed on an exponential background. The activation enthalpy of
the peak is of 0.83 eV and the limit relaxation time of 
€ 
2.3×10−11s. The peak is
explained by a dislocation dragging model.
An enhancement in the shear modulus has been measured in WFA-25%SAFFIL-
CNTs, Mg-25%SAFFIL-CNTs and Mg-2%CNTs due to the addition of CNTs. Hot
Isostatic Pressing (HIP), which was used in processing Mg-2%CNTs, was found to be
advantageous in obtaining a CNTs - Mg composite with better interface bonding.
Résumé
Des nanotubes de carbone à multi-parois (MWCNTs), fabriqués par déposition en
phase vapeur sur un substrat (CVD), ont été utilisés avec succès dans le développement
de matériaux composites à matrices métalliques (MMCs) massifs. Les matrices étaient
soit un alliage d’aluminium (Al-4%Cu-1%Mg-0.5%Ag, désigné WFA), soit du
magnésium de pureté industrielle. Les nanotubes MWCNTs ont été utilisés comme
modificateurs d’interfaces fibres-matrices dans le cas de composites à fibres courtes
Al2O3 SAFFIL (25 % vol.), ou encore comme renforts dans le magnésium pur. Quatre
types de composites ont été élaborés par infiltration sous pression de gaz : l’alliage WFA
ou le magnésium renforcés par des fibres courtes Al2O3 SAFFIL recouvertes ou non de
MWCNTs. Deux autres composites, dans lesquels le magnésium est renforcé par des
MWCNTs (1 ou 2 % poids), ont été obtenus par métallurgie des poudres.
La microscopie électronique à balayage a montré que les microstructures des
échantillons ainsi obtenus par métallurgie des poudres sont homogènes avec une bonne
dispersion des nanotubes de carbone dans la matrice magnésium. Dans le cas des fibres
SAFFIL recouvertes par des nanotubes, on n’a pas pu déceler la présence des MWCNTs
après infiltration. Il se pourrait que, comme les fibres SAFFIL, les nanotubes soient
complètement noyés dans la matrice, de telle sorte qu’ils sont invisibles à cette échelle
sur les surfaces de rupture. Il n’en reste pas moins que le module de Young est
sensiblement augmenté par le recouvrement des fibres SAFFIL par les nanotubes, ce qui
pourrait refléter une meilleure liaison fibre SAFFIL -matrice.
Les propriétés élastiques et anélastiques d’échantillons des six composites ont été
investiguées par spectroscopie mécanique. Les pertes mécaniques et le module de
glissement ont été mesurés en fonction de la température. Les résultats montrent que les
MWCNTs influencent positivement les propriétés élastiques et anélastiques des
composites par rapport aux matériaux composites sans nanotubes.
Une augmentation sensible de l’amortissement a été observée dans les composites
WFA-25%SAFFIL-CNTs et Mg-25%SAFFIL-CNTs due aux additions de CNTs. Cela
montre que l’interface SAFFIL-matrice serait « adoucie ». Pour interpréter cet
« adoucissement », un modèle théorique est proposé qui considère les pointes des CNTs
comme des concentrateurs de contraintes et donc des lieux favorables à l’émission des
dislocations susceptibles de relaxer les contraintes d’interface. D’autre part, les CNTs
loin de l’interface seraient des points d'ancrage supplémentaires pour les boucles de
dislocations, diminuant leur mobilité à haute température. Le mouvement de dislocations
contrôlé par un frottement de type sec est proposé comme mécanisme de relaxation des
contraintes d’interface d’origine thermique.
Dans Mg-2%CNTs, l’amortissement est approximativement aussi élevé que dans
le magnésium pur. Le spectre des pertes mécaniques dans Mg-1%CNTs et Mg-2%CNTs
est composé d’un pic de relaxation et d’un fond exponentiel. L’enthalpie d’activation du
pic est de 0.83 eV et le temps de relaxation limite de 
€ 
2.3×10−11s. Le pic est interprété
par un modèle de traînage des atomes de soluté par les dislocations.
Un accroissement du module élastique de glissement a été observé dans WFA-
25%SAFFIL-CNTs, Mg-25%SAFFIL-CNTs et Mg-2%CNTs dû à l’addition des CNTs.
Hot Isostatic Pressing (HIP), qui a été utilisé dans l’élaboration de Mg-2%CNTs, s’est
révélé avantageux pour obtenir des composites CNTs - Mg avec un meilleur interface.
Contents
Introduction ....................................................................................... 1
Chapter 1    Scientific background ....................................................................3
1.1  Conventional metal matrix composites .............................................. 3
    1.1.1  The matrix.....................................................................................................4
    1.1.2  The reinforcement .........................................................................................5
    1.1.3  Processing .....................................................................................................6
          1.1.3.1  Liquid-state processes.......................................................................6
          1.1.3.2  Solid-state processes .........................................................................7
1.2  New type of composites with CNTs .................................................... 8
    1.2.1  Carbon nanotubes..........................................................................................9
          1.2.1.1  Atomic structures of carbon nanotubes............................................10
          1.2.1.2  Properties of carbon nanotubes .......................................................12
          1.2.1.3  Potential applications of carbon nanotubes......................................13
    1.2.2  Advantages and challenges of using CNTs in MMCs ..................................14
    1.2.3  State of the art .............................................................................................15
1.3  Aim of the work .................................................................................16
Chapter 2    Processing...........................................................................................17
2.1  Synthesis and purification of carbon nanotubes...............................17
    2.1.1  Various methods of CNT synthesis..............................................................17
    2.1.2  Chemical vapour deposition ........................................................................18
    2.1.3  Catalyst preparation.....................................................................................20
    2.1.4  Synthesis of MWCNTs by CVD..................................................................20
    2.1.5  Purification of MWCNTs ............................................................................23
2.2  Surface modification to improve wettability of CNTs......................24
    2.2.1  Coating of plain MWCNTs .........................................................................26
          2.2.1.1  Dry method.....................................................................................26
          2.2.1.2  Wet method ....................................................................................27
    2.2.2  Coating of SDS - treated MWCNTs ............................................................28
    2.2.3  Coating of MWCNTs with Mg....................................................................28
2.3  MMCs processed by powder metallurgy ..........................................28
2.4  Use of CNTs to modify existing preforms: coating of
       SAFFIL(Al2O3) fibers with CNTs......................................................32
2.5  Obtained MMCs by gas pressure infiltration...................................34
Chapter 3     Experimental techniques..............................................37
3.1  Scanning Electron Microscope ..........................................................37
3.2  Mechanical spectroscopy ...................................................................39
3.2.1  Standard anelastic solid and Debye relaxation .............................................42
3.2.2  Master curve method...................................................................................46
3.2.3  Multiple relaxations.....................................................................................47
      3.2.3.1   Discrete spectra .............................................................................47
      3.2.3.2   Continuous spectra.........................................................................48
3.2.4  Relaxation mechanisms ...............................................................................50
      3.2.4.1   Dislocation string model ................................................................50
      3.2.4.2   The effect of the variation of the pinned dislocation
                    segment length...............................................................................52
      3.2.4.3   Dislocation motion in solid solution: pinning-depinning ................54
      3.2.4.4   Hysteretic dislocation damping background in solid solution .........55
3.3  Forced torsion pendulum...................................................................56
3.4  Free-free vibrating bar apparatus ....................................................59
Chapter 4     Experimental results and interpretations
                      Al alloys - or Mg -25%SAFFIL-CNTs composites ....63
4.1  Study of WFA (Al-4%Cu-1%Mg-0.5%Ag)-25%SAFFIL-CNTs
       composites ..........................................................................................63
    4.1.1  Experimental results ....................................................................................63
          4.1.1.1  Mechanical properties.....................................................................63
          4.1.1.2  Elastic shear modulus spectra..........................................................64
          4.1.1.3. Internal friction behaviour...............................................................65
                   I    Mechanical loss spectra during thermal cycling .........................65
                   II   Effect of temperature variation rate ...........................................66
                   III  Effect of frequency ...................................................................68
                   IV Dependence of mechanical loss on T
•
/ω ..................................70
    4.1.2  Interpretation of internal friction behaviour .................................................71
          4.1.2.1 Model of Mayencourt et al...............................................................71
          4.1.2.2 Interpretation of internal friction behaviour in
                      WFA-25%SAFFIL-CNTs................................................................72
                  I     General discussion.....................................................................72
                 II    Interpretation of the effect of CNTs on the mechanical loss
                        spectrum ....................................................................................75
                     1. Theoretical modelling ...........................................................76
                     2.  Simulation of the mechanical loss maximum........................77
4.2  Study of Mg-25%SAFFIL-CNTs composites ...................................80
    4.2.1  Mechanical loss and shear modulus spectra for two
              Mg-based composites ..................................................................................80
    4.2.2  Relaxation mechanism of thermal stresses in
              Mg-25%SAFFIL-CNTs...............................................................................83
    4.2.3  Comparison of shear modulus .....................................................................86
4.3  Conclusion ..........................................................................................87
Chapter 5     Experimental results and interpretations:
                      Mg-MWCNTs composites ...........................................89
5.1  General features of mechanical loss and shear
        modulus spectra ................................................................................89
5.2  Effect of thermal cycles with different temperature
       variation rates ....................................................................................93
    5.2.1  Mg-2%CNTs...............................................................................................94
    5.2.2  Mg-1%CNTs...............................................................................................96
    5.2.3  Summary.....................................................................................................98
5.3  Activation enthalpy............................................................................99
5.4  Theoretical modelling ...................................................................... 102
5.5  Conclusion ........................................................................................ 104
Chapter 6     General discussions .......................................................... 105
6.1  Microstructures of the developed bulk CNTs-based
       composites ........................................................................................ 105
6.2  The impacts of CNTs on the elastic and anelastic
       properties of the CNTs-based composites....................................... 106
    6.2.1  Impacts of CNTs on Young’s modulus and shear modulus ........................106
    6.2.2  Impacts of CNTs on damping capacity ......................................................107
    6.2.3  Reinforcement size effect ..........................................................................108
6.3  Propositions for further research.................................................... 110
Conclusion ....................................................................................... 111
Bibliography................................................................................. 113
   Acknowledgements....................................................................... 121
   Curriculum Vitae ......................................................................... 123
   Publications .................................................................................. 125
1Introduction
The aim of developing composites is to combine the mechanical properties of the
components to meet diverse industrial requirements. In numerous fields of applications like
aerospace and automobile industry, low density and good mechanical properties such as high
damping, high strength and high stiffness are demanded for the materials. Most of the
applications make use of discontinuously reinforced metals, mainly ceramic-reinforced Al.
The stiffness of a metal matrix composite is strongly dependent on many parameters and
factors such as the volumetric fraction of ceramic fibres, Vf, the elastic Young’s modulus of
the fibres and the matrix, Ef  and Em, and the aspect ratio of the fibres, as well as fibre
disorientation and micro-damage at the matrix-fibre interface resulting from large interfacial
thermal stresses, which increase with the size of the fibres. Modifying these parameters,
arranging better the fibre’s orientation and improving the interface can increase the stiffness.
However, this increase is limited when using the conventional ceramic reinforcements, which
are in micro-scale. On the other hand, increasing a mechanical property may cause a decrease
in another, for instance, larger Vf may result in higher Young’s modulus but lower damping
capacity of the composite. Thus a new type of high-performance reinforcements is expected
to make a breakthrough in composite development. The discovery of carbon nanotubes, with
light weight, smaller dimensions and unique mechanical properties could fulfil further goals
of higher damping capacity and better mechanical properties, compared to the conventional
composites.
Carbon nanotubes are seamless cylinders of rolled up graphene sheets. They can exist
as single wall or multi wall cylinders. Up to now, a number of methods for synthesizing
carbon nanotubes have been reported, which can be grouped into three types: arc-discharged,
laser ablation and catalytic CVD. The two formers can deliver carbon nanotubes with better
quality, whereas CVD can yield larger amount of CNTs and is easy to scale up the products to
meet industry demands.
Because of their attractive mechanical properties such as a very high Young’s modulus
and excellent flexibility as well as their large aspect ratio, CNTs could be a brand new class of
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reinforcements for developing composites.  The reduction of size with respect to the
conventional reinforcements would minimize the interfacial thermal stresses.
In the present work, low gas pressure infiltration and powder metallurgy were utilized
to process MMCs. In Al alloy (Al-4%Cu-1%Mg-0.5%Ag (WFA)) - 25% Al2O3 (SAFFIL
short fibres) - CNTs and Mg - 25% Al2O3 (SAFFIL short fibres) - CNTs, CNTs are expected
to behave as fibre-matrix interface modifiers. In Mg-1%CNTs and Mg-2%CNTs, they are
supposed to be a nano-sized reinforcing phase.
This thesis consists in six chapters.  In chapter 1, a review of conventional metal
matrix composites and a summary of carbon nanotubes (atomic structures, properties, and
potential applications) are presented.  The advantages and challenges of the CNT applications
in MMCs industry are predicted. The state of the art of CNTs-based composites as well as the
aim of the work is described.
Chapter 2 covers the synthesis and purification of multi wall carbon nanotubes,
methods and results of coating these nanotubes, and microstructures of the nanotube
composites processed by two different routes. Theoretical approach and experimental
techniques are described in chapter 3.
Experimental results measured in an Al alloy and in pure Mg reinforced with
25%SAFFIL, coated with CNTs, are presented in chapter 4. A theoretical model is developed
in this chapter to interpret the results. Chapter 5 contains the mechanical spectroscopy of 1%
CNTs and 2% CNTs reinforced pure Mg composites and the analysis by simulation.




1.1 Conventional metal matrix composites
The scientific investigation and applied research on composite materials can date back to
1940’s [1], and these advanced materials have been introduced gradually in our daily life.
Composites are also recognized as high-tech materials, which not only turn up in various
sports, such as tennis, golf and sailing, but also constitute an increasing proportion of modern
airplane and automobile [2]. A composite material is a mixture of two or more separate
phases, matrix and reinforcements, which have been intimately bound together. The
advantage is the combination of those different phases, providing a potential for tailoring
material properties to meet specific and challenging requirements. The balance of the
properties can be altered by the choice of the matrix and the level of reinforcement.
Composites offer the only pathway for producing such advanced “designer” materials.
Most composites exploited in sport, aerospace and automotive industries consist of a
reinforcing phase, such as glass or carbon fibers, and a polymeric matrix [2]. Polymers are
chosen for matrix materials because of their low density, low cost, and easy procedure in
composite processing. However, compared with polymers, metals have other advantages,
which are wanted in diverse applications, such that they combine strength and toughness,
which can be maintained even at elevated temperature, do not absorb humidity, are not
degraded by radiation, do not outgas in space, generally do not burn, but can conduct heat and
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electricity. With all of these desirable and interesting physical properties, metals were
considered as matrices in composites although it would be significantly more difficult to
process metal matrix composites (MMCs) than to produce polymer matrix composites. The
pioneer research on metal matrix composites was taken off in the 1960’s and reached its first
peak activity in the early 1980’s. By now metal matrix composites have indeed entered the
engineering world as “real” industrial materials.
Currently, metal matrix composites are commercially available with a variety of forms.
They are utilized predominately in a wide range of applications, ranging from brake discs in
trains to critical rotating parts in helicopters, from thermal substrates for advanced electronic
and power modules to spikes for track shoes, and from tool materials to combustion engine
components, from structural to electronic applications [2]. However, the dominant
applications focus on three sectors: (i) automotive and ground transportation, (ii) aerospace
and defense, (iii) thermal management for electronics. In the sector of automotive and ground
transportation, metal matrix composites are used for their specific stiffness, high temperature
strength and excellent wear properties. In aerospace applications, metal matrix composites
satisfy the principal requirements such as low thermal expansion coefficient, low density,
high stiffness, and high strength. Indeed, in addition to the concern of absolute weight saving
to reduce the launch costs, the primary demand in space technology is often the dimensional
stability of the components, which are submitted to the inevitable thermal cycles associated
with passing in and out of the Sun’s shadow in the absence of convective heat transfer.
Examples include beam structures and optical gimbals, which must not deform despite
significant temperature fluctuations and gradients typical of space applications.
In order to obtain the specific properties of a metal matrix composite, a number of
variables should be taken into account: the choice of the matrix, the type and the level of the
reinforcement, and the composite processing route.
1.1.1 The matrix
At present, a variety of metallic matrices, metals and their alloys, are employed in
MMC industry. Examples include Al, Ti, Mg, Fe, Cu, Ni, W, Ag, Ni, Mo, Be, NiAl, AlCu,
AlCuMg, Al-4%wtCu, Al-4%Cu-1%Mg-0.5%Ag etc.  With their superior mechanical
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properties such as light weight, excellent strength, toughness and resistance to corrosion,
which are critically important in aerospace and automotive applications, aluminum and
aluminum alloys predominate as metallic matrices in the MMC industry.
1.1.2  The reinforcement
In the most common metal matrix composites, the reinforcements are ceramics. The
primary interests are in lighter ones such as SiC, Al2O3 (for instance SAFFIL), B4C, TiB2,
TiC, among which SiC and Al2O3 are dominant. Other ceramic such as Si, TiB and Cr3C2 are
also used [2]. The ceramic reinforcements can take various forms in composites: particulates,
whiskers, filaments, short fibers (also called chopped fibers or staple fibers) or continuous
fibers, depending on the demands, such as design properties or cost. Most of the ceramic
particulate reinforcements have lower cost than fibrous reinforcements.  The processing of
ceramic particulate reinforced metal matrix composites is simpler and lower-cost than that of
fibrous metal matrix composites.  Although particulate reinforcements provide inferior
improvement in mechanical properties for metal matrix composites, the benefits from ceramic
particulate reinforcements, including enhanced wear and erosion resistance, increased
stiffness, higher damping and reduced thermal expansion, offer very interesting advantages
with respect to the un-reinforced matrix. In the meantime, these composites can still retain the
advantages of the matrix (metals and alloys) in terms of cost, processing and some other
properties such as the ultimate tensile strength.
Generally, commercial short fibers and whiskers are available in bulk or after pre-
processing into mats or preforms. Though short fiber and whisker reinforced metals display
characteristics and advantages similar to those of metals reinforced with particulates, the
greater capacity of elongated reinforcements to carry load transferred from the matrix and the
inherently stronger nature of whiskers enable short fiber and whisker reinforced metals to
exhibit superior properties than an equivalent particulate reinforced metal. Moreover,
anisotropy, which is not evident in particulate reinforced metals, is microscopically apparent
in short fiber and whisker reinforced metals.
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In continuous fiber composites, an evident anisotropy resulting from the elongated
fibers is macroscopically observed in the mechanical properties: very high strength and
stiffness along the fiber direction and properties similar to those of discontinuous fiber
composites in transverse direction. High-modulus metal-compatible fibers can increase the
longitudinal Young’s modulus dramatically, as for instance, alumina or carbon fibers in an
aluminum-based matrix, with Young’s modulus exceeding 200 GPa and 300 GPa,
respectively.
In addition to ceramic reinforcements, metallic reinforcements have also been utilized
in some occasions, as for example tungsten reinforced copper and copper-niobium
superconductors. Gas can be a second phase in metal foams, which can also be viewed as
metal matrix composites. Metal foams are still at the initial stage of development.
1.1.3  Processing
Processing of metal matrix composites consists in combining the reinforcements
(usually between 0.5 µm and 200 µm in diameter) with a metallic phase, with the aim of
obtaining a new material free of defects such as pores. A variety of methods have been
utilized in manufactures of conventional metal matrix composites. These methods can
generally be sorted into four categories: solid-state processes, liquid-state processes,
deposition processes and in-situ processes.  Solid-state and liquid-state processes form the
two primary categories.
1.1.3.1  Liquid-state processes
Basically, liquid-state processes imply using a molten metal. Infiltration, stir casting
and spray casting are the three most common liquid-state processes, which are widely used to
produce metal matrix composites [2]. In the infiltration technique a low-viscosity molten
metal infiltrates through the porous preform of reinforcement, made of a continuous fiber
bundle or a bulk of short fibers or whiskers. Stir casting consists of adding and stirring
reinforcement particles or short fibers into the liquid metal. While spray casting consists of
disintegrating a stream of liquid metal into droplets and injecting reinforcement particles that
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are entrapped by the molten droplets so that both deposit together to form a composite.
Liquid metal processes are rapid, inexpensive; suitable to produce parts with complicated
shapes and easy to scale up.  However they also have disadvantages such as the poor wetting
of the ceramic reinforcements by the molten metal, which may limit the infiltration in the
ceramic perform. On the other hand the contact between the liquid metal and the ceramic
reinforcement may be responsible of undesired interfacial reaction, such as the formation of
aluminum carbide phases, which can degrade the properties of aluminum alloys with carbon
reinforcements.
Thermo chemical modifications can activate the wetting of the reinforcements by the
liquid metal. Coating the reinforcements and using processing temperature much higher than
the melting point may be an advantageous solution. However, these modifications may also
be at the origin of undesired phases, which appear at the interface after a too long contact time
between the liquid metal and the reinforcement and may degrade the composite properties. An
alternative method to natural infiltration technique is pressure infiltration, in which a gas or
piston is employed to push the liquid metal into the open pores of the preform. Usually a
pressure of the order of 1 MPa is needed to drive the liquid metal into pores of 1 µm,
assuming a typical metal surface tension of 1 Jm-2.
In order to avoid undesired interfacial reactions, chemically compatible combinations
of matrix and reinforcement may be selected, such as for instance magnesium-free aluminum
and alumina. On the other hand, the undesired interfacial reaction can be limited by
minimizing the contact time between the liquid metal and the reinforcements at high
temperature.
1.1.3.2  Solid-state processes
The classical approach of solid-state processes consists in blending the reinforcements
with a powder of the metallic alloy and consolidating the mixture by powder metallurgy
processes. More precisely, the mixture is consolidated and densified by cold pressing
followed by sintering, or by hot pressing, hot isostatic pressing (HIP), or extrusion
consolidation. In this step, the pores can be eliminated.
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During such processes, both phases remain in solid state, thus the diffusion between
these two phases is much lower than in liquid state processes, leading to weaker chemical
interactions between the metallic powder and the ceramic reinforcement. However, if the
diffusivity is too low, densification of the mixture will be not sufficient to build efficient
interface between matrix and reinforcement. In some cases (magnesium and aluminum are
typical examples), the diffusivity can be improved by breaking the oxide layer, which coats
each matrix particle. On the other hand, the ceramic reinforcements do not sinter at the same
temperature as the metal matrix, and consequently do not contribute to densification.
Densification of the composite material is then lower than for the metal alone.
It has been proven that the relative sizes of the matrix powder and the reinforcement
are critical for the densification of a composite. The particle size of the matrix powder has to
be similar or smaller than that of the reinforcement. Usually it is about 1 to 10 µm in
diameter.  Conventional powder metallurgy methods generally work well to fabricate MMCs
with particulate reinforcements, but less well in the case of fibrous reinforcements. For
example, it is not easy to blend a metallic powder with short fibers. On the other hand, the
elongated reinforcements can be broken during consolidation.
1.2  New type of composites with CNTs
The discovery of carbon nanotubes [3] has provided promising candidates as
reinforcements for composites, because of their attractive mechanical properties where the
stiffness, strength and resilience exceed any current materials. In the past decade, numerous
attempts and efforts have been made by researchers, exploiting the exceptional mechanical
properties of CNTs toward the development of CNTs reinforced composite materials.
Polymers, ceramics and metals have been tried out as matrices [4 -13]. The primary success
lies in polymers reinforced with carbon nanotubes. It was found that the exceptional
properties of CNTs are the consequence of their unique structure.
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1.2.1  Carbon nanotubes
In nature, carbon exists as solids in two basic forms: transparent diamond and black
graphite (Fig.1.1). Diamond exhibits a very rigid, stable and hard configuration, where each
carbon atom has four nearest neighbors arranged in a tetrahedron and the carbon atoms are in
sp3 hybridized orbits. Whereas, graphite, with different atomic orbital state (s p2
hybridisation), consists of plane layers, called graphene layers, which are composed of carbon
atoms in hexagonal structure and each carbon atom has three nearest neighbors. Thus the
bonding in the plane is very strong. Whereas it is weak between the layers because the
binding forces between layers are the relatively weak Van-de-Waals forces.
(a)                                                                  (b)
Fig. 1.1:  Structure of (a) diamond and (b) graphite.
Fig. 1.2:  A new type of carbon: fullerenes.
Fullerenes, discovered by Kroto et al. in 1985 [14], are a new type of carbon form.
They are geometric cage-like structures of carbon atoms, which are composed of pentagonal
and hexagonal faces in the surface of the cage. The first cage-like structure discovered
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consists of 60 carbon atoms. It is a C60 molecule. Such a closed cage resembles a football
where each side of a pentagon is the adjacent of a hexagon. Later similar cage-like forms with
different number of atoms were observed (Fig.1.2).
Several years later after the discovery of fullerenes, in 1991, S.Iijima [3] discovered
the carbon nanotubes. Actually, carbon nanotubes can be viewed as long and slender
fullerenes where the walls of the tubes are of hexagonal structure. Carbon nanotubes can be
divided into two main types that can have high structural perfection: single-wall carbon
nanotubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTs). Multi-wall nanotubes
comprise simply an array of such single-wall nanotubes that are concentrically nested
(Fig.1.3).
Fig. 1.3: Schematic representation of single wall carbon nanotubes (SWCNTs).
1.2.1.1  Atomic structures of carbon nanotubes




a 2 . A
single-wall carbon nanotube can be visualized as a rolled-up graphene plane which is cut
along the dotted lines, as shown in Fig. 1.4. The atomic structure of nanotubes is described in
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Fig. 1.4:  Schematic diagram showing different directions for rolling a hexagonal sheet of
                graphite to form a carbon nanotube.
Fig. 1.5: Illustration of the atomic structure of (a) an armchair (n = m) 
€ 
θ = 30° and (b) a
              zig-zag (n = 0  or  m = 0) 
€ 
θ = 0° nanotube.
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terms of the tube chirality, or helicity, which is defined by the chiral vectors, 
€ 
Ch , and the
chiral angle, 
€ 
θ  [15].  The chiral vector, also known as the roll-up vector, is given by
€ 
Ch = na1 + ma 2
where the integers (n, m) are the number of steps along the ziz-zag carbon bonds of the
hexagonal lattice. If the chiral angle is at 30°, i.e., n = m, when the plane is rolled up till the
tip of the chiral vector meets its tail, the geometry of the carbon bonds around the
circumference of the nanotube has an armchair shape, while at a chiral angle of 0° (n = 0 or m
= 0) the shape presents ziz-zag-like. Fig. 1.5 shows the difference between armchair nanotube
(n = m) and ziz-zag nanotube (n = 0 or m = 0) structures. The nanotubes with a chiral angle
between 0° and 30° (any other n and m) are called chiral. The chiral vector of the nanotube
also defines the nanotube diameter since the inter-atomic spacing of the carbon atoms is
known [15].
A typical diameter of single-wall carbon nanotubes falls between 1 and 2 nm. Whereas
the outer diameter of multi-wall carbon nanotubes can disperse from 5 to 50 nm, with a
distance of 0.347 nm between two adjacent layers.
1.2.1.2  Properties of carbon nanotubes
Due to their unique atomic structure, carbon nanotubes exhibit remarkable electronic,
thermal, magnetic, mechanical and field emitting properties, which more or less depend on
their chirality. In particular, the tube chirality has a strong impact on the electronic properties
of carbon nanotubes. Although single-wall carbon nanotubes have structural similarity to a
single sheet of graphite, which is considered to be semiconductor with zero band gap, it has
been shown that single-wall carbon nanotubes can be either metallic or semiconducting [16]:
armchair tubes are metals, zig-zag tubes and the tubes with n - m = 3k, where k is an integer,
are semiconductors with tiny band gap, and all other tubes are semiconductors with wide band
gap [17].
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For metallic nanotubes, i.e., armchair (n = m) SWCNTs and MWCNTs, the nearly
one-dimensional electronic structure leads to electronic transport over long nanotube lengths
without scattering. As a result, the nanotubes can carry high currents with essentially no
heating [18, 19]. The electric-current-carrying capacity is 1000 times higher than copper
wires. Thermal conductivity of CNTs is about twice as high as that of diamond. In vacuum,
carbon nanotubes are thermally stable up to 2800 °C [20]. Field and light emission was
observed from individual MWCNTs, from which electrons [21] and visible light [22] were
emitted.
In addition to the superior properties described above, it is of special interest to
mention the fascinating mechanical properties of CNTs. It has been shown theoretically and
experimentally that CNTs are extremely stiff and strong, meaning that they have very high
Young’s modulus and tensile strength. However, they are of very low density [23, 24, 25].
Young’s modulus, usually measured by AFM (Atomic Force Microscope) techniques, is
greater than 1 TPa (Tera - Pascal) for an individual SWCNT (1.2 TPa for diamond) and at an
average value of 810 ± 410 GPa for MWCNTs grown by the arc-discharge method [26].
However, it is much lower for catalytically grown MWCNTs (about 100 - 150 GPa). This is
due to the considerable influence of disorder, which is present in catalytic nanotubes (but
absent in arc-grown nanotubes), on the elastic properties of the tubes [27].  Point defects,
which may be present on the graphitic planes and can be removed to a great extent by high-
temperature annealing, do not alter the mechanical properties of MWCNTs. On the other
hand, slipping of nanotubes when they are assembled in ropes significantly affects the elastic
properties, resulting in a considerable decrease in Young’s modulus. It was also found that
Young’s modulus of MWCNTs is independent of tube diameter [27]. Simulations show that
carbon nanotubes are remarkably resilient, sustaining extreme strain with no sign of
brittleness or plasticity [28, 29].
1.2.1.3  Potential applications of carbon nanotubes
Because of their outstanding properties, carbon nanotubes have been proposed for
many potential applications. In particular, their high stiffness and ultimate strength and
excellent resilience make them excellent candidates as reinforcements in composites.
Nanotube field effect transistors are examples, which use the interesting electronic properties
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of CNTs [30]. Such nanometer-sized electronic devices are promising for downsizing circuit
dimensions. The field emission properties of CNTs, as a result of the extreme aspect (length-
diameter) ratio, enable carbon nanotubes to be used as field emission electron sources for
field emission devices such as flat panel displays [31, 32] and lamps [32]. These devices have
advantages over conventional tungsten and molybdenum tip arrays. Nanotubes provide stable
emission, long lifetimes, and low emission threshold potentials [31, 32]. While the light
emitting property of MWCNTs may make them good scanning probe tips in Scanning Near-
field Optical Microscope. CNT scanning probe tips for atomic probe microscopes are on the
market. The cylindrical shape and tiny curvature radius enable imaging in narrow, deep
crevices and improve resolution in comparison to conventional nanoprobes [33, 34, 35, 36].
Other potential applications include energy storage and energy conversion devices, sensors
and hydrogen storage media etc.
1.2.2  Advantages and challenges of using CNTs in MMCs
Incorporation of carbon nanotubes into metal matrix could potentially provide
structural materials with dramatically increased Young’s modulus and strength. This indicates
that this new type of materials could meet higher requirements in mechanical properties
demanded for some applications. On the other hand, by retaining the same level of
mechanical properties, less material would be required; for instance, the walls of parts could
be thinner. This could consequently lead to energy saving. Furthermore the reduction of their
dimension, from micrometer scale of conventional reinforcements such as Al2O3 fibers to
nanometer scale of carbon nanotubes, could reduce thermal stresses at the interface between
metal matrix and reinforcement. This decrease in interfacial thermal stresses may modify or
improve the quality of the interface. It is known that high thermal stresses generated in
composites may cause cracks at the matrix-fiber interface. These cracks can propagate into
the metallic matrix, leading to further damage of the material. Therefore, using CNTs as
reinforcements in MMCs could minimize the degradation in the material due to thermal
stresses. Metal reinforced with CNTs composites, with potential mechanical properties, could
find wide applications in aerospace, automotive industry and microtechniques, replacing
conventional materials: alloys or conventional composites.
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However, there are some critical challenges when using CNTs as reinforcements in
MMCs. In order to take full advantages of the exceptional stiffness, strength and resilience of
carbon nanotubes, it is of importance to insure a uniform dispersion of CNTs in the metal
matrix, to establish a strong interface bonding between the CNTs and the surrounding matrix
that provides effective stress transfer, as well as to avoid intra-tube sliding between concentric
walls within MWCNTs and intra-bundles sliding within SWCNT ropes.  Efforts are in
progress to overcome these difficulties.
1.2.3  State of the art
One of the first realized major commercial applications of CNTs is their use as
electrically conducting components in polymer composites [37]. Since then the focus of most
of the research in nanotube - based composites has been on polymer-matrix materials [10, 12,
38- 43]. It was found by  Qian et al. that with 1 %wt of carbon nanotubes, an improvement of
36 - 42 % in the elastic stiffness and of 25 % in the tensile strength was achieved in carbon
nanotube/polystyrene composites [10]. It was demonstrated that the addition of 1 wt% of
CNTs could provide the same increase in elastic modulus as 10 wt% of carbon fibers. The
elastic modulus could be increased as high as 30 % when dispersion and interfacial bonding
of CNTs in an epoxy matrix were improved [44].
Researchers also tried to take advantages of the exceptional mechanical properties,
especially the extraordinary resilience, of carbon nanotubes by combining carbon nanotubes
with a ceramic matrix. Ceramics are very stiff with excellent thermal stability and relatively
low density. However, their brittleness impedes the use as structural materials. Ceramic
reinforced with carbon nanotube composites are expected to provide high-temperature
stability, outstanding toughness and creep resistance. Carbon nanotube / silicon-carbide (SiC)
composites and carbon-nanotube / metal-oxide composites processed by hot pressing are
examples [11]. It was reported that 10%wt carbon nanotubes increased the strength and
fracture toughness by 10%, compared to the monolithic ceramics. In carbon-nanotube / metal-
oxide composites produced by hot pressing, it was shown that CNTs did not provide the
expected improvement in mechanical properties [45 - 49].
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However, the research activity in using CNTs as reinforcements in metal matrix
composites is still scare, and metal matrix composites reinforced with CNTs have not yet
been developed at a useful scale. In the limited number of reports [12, 13], the so-called metal
matrix composites are in fact nanoscale composites, obtained, for example, by the electroless
plating of carbon nanotube with cobalt.
1.3  Aim of the work
The aim of the present research is therefore to develop the processing of bulk
composite materials of aluminum or magnesium alloys reinforced with CNTs and
characterize them by the measurements of their elastic and anelastic properties. In this work,
catalytic MWCNTs were used although their elastic modulus is lower than that of arc-
discharge MWCNTs, because the catalytic processing is easier to scale up.  This study is to





2.1   Synthesis and purification of carbon nanotubes
2.1.1  Various methods of CNT synthesis
Carbon nanotubes can be synthesized using several methods: electric arc-discharge,
laser ablation and chemical vapour deposition (CVD).  In the first period of nanotube
research, nanotubes were mostly produced by electric arc-discharge and laser ablation.
Chemical vapour deposition was subsequently developed to synthesize CNTs. In the method
of electric arc-discharge, a graphite rod serves as an anode and another graphite rod as a
cathode [3, 50, 51].  As the two graphite rods are brought close together in a He atmosphere, a
discharge occurs resulting in the formation of a plasma. When a current (in the range of 70 to
100A) passes from the anode to the cathode in a He atmosphere, a rod-shaped deposit with a
hard outer shell is obtained at the cathode.  It is found that the shell contains dense bundles of
MWNTs. The inner and outer diameter of these MWCNTs disperses in a rather large range.
However, the favourite diameter measures 10 nm and the typical length is on the order of 1
µm. The nanotubes tend to be very straight.  SWCNTs (with diameters on the order of 1nm)
can be produced by this method as well when replacing the graphite rod anode with a hollow
graphite tube. The tube contains mixed powders of graphite and transition metal (i.e., Fe, Co,
Hi,) and /or rare earth metal (Y, Lu, Gd) catalysts, and other metals (i.e., Li, B, Si, Sn, Te,
Pb…) [52, 53]. This method was originally discovered by Iijima and co-workers [54] and by
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Bethune and co-workers [52].  Another method, laser ablation, was introduced to synthesize
SWCNTs later on [55]. This process involves the laser ablation in a He atmosphere of a
graphite target, which is impregnated with a transition metal catalyst. This method can be
used to produce long bundles of single-wall carbon nanotubes. However, CVD, which is
based on the decomposition of hydrocarbons such as acetylene or methane on catalytic
particles (Fe, Cu, Co), is currently the most common method for the synthesis of carbon
nanotubes, due to its capacity in producing variety of carbon nanotubes and industrial up-
scaling.
2.1.2  Chemical vapour deposition
In the chemical vapor deposition process, chemical reactions occur, which involve
transforming gaseous molecules, called precursor, into a solid material on the surface of a
substrate such as silica and zeolite. CVD is a very versatile crystal growth process. The
products by CVD can be in different forms: coatings, powders, fibers and monolithic parts.
With this method, it is possible to produce almost any metallic or non-metallic elements,
including carbon and silicon, as well as compounds such as carbides, nitrides, borides, oxides,
intermetallics and many others [56, 57].
Various configurations [56], which have been developed for chemical vapour
deposition, include horizontal or vertical tube reactors, showerhead reactors or reactor with
plasma enhancement.  Horizontal and vertical tube furnaces are widely used in semiconductor
processing due to their simplicity and productivity.  They consist in principle of a heated tube
with a gas inlet and outlet.  The gas pressure in the tube can thereby vary between some
fractions of millibar and some bar. Showerhead reactors employ a perforated or porous planar
surface to dispense reactant gases more or less homogeneously over a second parallel planar
surface holding the substrate on which the samples are installed. The samples can be heated
separately from gas dispense and chamber wall, thus the showerhead reactors are generally
cold-wall: only the surface holding the substrate needs to be at the process temperature. This
often helps in minimizing deposition on chamber walls. Inside the reactors with plasma
enhancement (PECVD), a radio-frequency (RF) source excites electrons in an electromagnetic
field set up between the top electrode and grounded substrate by applying an alternative
voltage, typically 60 Hz to many MHz. Ions, reactive neutrals or plasma are formed when the
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excited electrons collide with gas molecules. The advantage of PECVD is its capacity to
deposit at much lower temperatures and pressures than would be required for thermal CVD.
However, a disadvantage is usually a higher disorder in the created structures and a lack of
uniformity over larger surface areas. Each of the designs utilizes different methods for
performing the fundamental operations common to all CVD removing by products. CVD
processes can generate a vast variety of structures using different catalysts, gases,
temperatures or gas pressure.
The first attempt of using CVD to grow MWNTs was carried out in 1993 [58].  In this
process, firstly the decomposition of acetylene (C2H2), the carbon source, takes place at
700 °C at the surface of small iron particles, which were served as catalysts. Then the carbon
is dissolved in and diffuses through the particle. When supersaturation is achieved, carbon is
segregated in a sp2 state to avoid dangling bonds, consequently, a carbon nanotube forms.
In the past years, catalytic decomposition of gaseous carbon source has been
considered as the principle method of CNT synthesis in large-scale, which is essential for
industrial applications. Various catalysts (typically Fe, Ni, Co or their oxides) and carbon
sources (typically C2H2 or CH4) have been tried out. This method has been recently
efficiently improved by introducing catalyst supports such as silica [59] and zeolites [60, 61]
and later alumina [62] etc. It is found that the catalysts play an important role in determining
the diameter of the tubes. Therefore the preparation of the catalyst particles is a key step for
the growth of CNTs. Moreover, the nature of catalyst supports is critical for up-scaling the
production. Recent results based on silicagel - or zeolite - supported catalysts [59, 63, 64, 65]
reveal that porous materials are excellent supports in catalytic nanotube production. However,
for the subsequent purification of CNTs, which is usually the important step before various
studies and applications, the existing techniques to purify the carbon nanotubes are
problematic [66, 67] and require a multi-step purification [60], which can damage the
structure of the tubes, leading to a degradation of the properties of the nanotubes. It is
necessary to improve CVD techniques and choose the catalyst supports for synthesizing
CNTs in large quantity with high quality.  Therefore a new approach is expected to keep the
amount of contaminants as low as possible, to use rather diluted mineral acids for purification
and to simplify the procedure of the purification. A new kind of catalyst support (CaCO3) was
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introduced for MWCNT synthesis with high efficiency and purity and the procedure of
purification was simplified as one step-procedure [68].
2.1.3  Catalyst preparation
For the catalyst process, a calculated amount of metal salt (Co (CH3COO)2 · 4H2O
and/or Fe (NO3)3 · 9H2O or Fe (CH3 COO)2) was dissolved in a certain amount of distilled
water and subsequently CaCO3 was suspended into the solution for the catalyst preparation.
The total concentration of the catalysts (Co, Fe (II), Fe (III)) was 5 wt%. The pH-value of the
suspension was kept constantly at about 7.2 during the synthesis of the catalysts by adding
ammonia solution.  The resulting mixture was placed in a beaker on a hot plate and the
solvent was evaporated under continuous stirring. The as-prepared sample was dried at 120
°C overnight and then collected as dry powders. The obtained catalysts supported by CaCO3:
Co/CaCO3, Fe (II)/CaCO3, Fe (III)/CaCO3, Fe (II), Co/CaCO3 and Fe (III), Co/ CaCO3, were
used in synthesis of carbon nanotubes by CVD.
2.1.4  Synthesis of MWCNTs by CVD
A catalytic growth of CNTs was carried out by decomposition of hydrocarbons
(acetylene (C2H2)) at 720 °C in a fixed-bed flow reactor. The used horizontal CVD flow
reactor is a heated quartz tube (Fig.2.1).  Approximate 50 mg of prepared supported catalysts
was placed in a quartz vessel, which was situated within the quartz tube.
During the CVD procedure, an acetylene gas flow at a rate of 10 ml/min was
introduced for 30 min under a continuous nitrogen flow at a rate of 70 l/h. The decomposition
of the acetylene gas and the nanotube growth were activated by the catalysts.  The gas was
decomposed into C2 + H2 and the nanotubes were spun over the catalysts, which were
supported by CaCO3 particles. After rinsing the system with nitrogen, the reaction products
were collected. However, in this way, the amount of the products yielded per day was limited,
because the size of the quartz vessel was small (12 mm in diameter and 200 mm in length of
heated area) and the processing of CNTs could not be performed continuously.
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Fig. 2.1: CVD (chemical vapour deposition) device.
Fig. 2.2: View of the rotary-tube oven used for large-scale synthesis of CVD nanotubes.  Two
               reservoirs are located at the ends of the tube, one containing the catalyst (right-
               hand side) and the other collecting the product(left-hand side).
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Fig. 2.3: Schematic diagram of the rotary-tube oven shown in Fig. 2.2.
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In order to produce carbon nanotubes in larger scale in a continuous process, it is
necessary to modify and improve the CVD techniques.  Fig.2.2 and 2.3 show a photograph
and a schematic diagram of the new CVD reactor developed in our laboratory, respectively.
An 80 mm diameter rotating tube with heated area of 750 mm length was installed inside an
oven. The rotating tube can be inclined and the inclination is manually adjustable to avoid
blocking the catalytic particles and products when they pass through the reactor during the
processing. The reactor is equipped with two containers, one containing the catalysts and the
other collecting the products.  The catalysts are introduced into the reactor by gentle shaking
of the motor-driven feeder. The speed of the catalysts passing through the heated zone can be
controlled by setting the inclination and the rotation of the reaction tube. The flow rotation is
preferable for better productivity of nanotubes, because flow rotation can enhance the
catalytic particles and the gas acetylene contact. It was also observed that the time factor,
during which the catalysts stayed in the heated area, was critical for the growth of MWCNTs.
More precisely, when the catalysts passed through the heated zone too fast, the time was too
short to grow MWCNTs over all the catalytic particles. In other words, only a part of the
catalysts, which passed through the tube during the reaction, were used to synthesize
MWCNTs. As a result, the process would yield less MWCNTs than what could be expected.
In contrary, when the time was longer, more catalysts were involved in the MWCNT growth.
Then a larger amount of MWCNTs would be obtained.  However, if the speed of the catalysts
passing through the reactor was too low, some of the MWCNTs were burnt before they were
collected in the container, because during the synthesis procedure, oxygen would be formed
from the decomposition of the catalyst supporters. As a consequence, the products contained
less MWCNTs.  It was found that the best duration of time, during which the catalysts went
through the heated zone, was 30 min for 100 mg of catalysts. Other processes such as heating,
cooling and gas switching were automatically controlled.  The obtained MWCNTs were
found to be quite regular with an average inner (outer) diameter of 4 - 7 nm (15 - 25 nm) and
with lengths up to 50 µm.
2.1.5  Purification of MWCNTs
The raw products of MWCNTs synthesized by CVD contained amorphous carbon,
catalysts and their supports (CaCO3). Since the amorphous carbon can affect and even hinder
the interaction between the nanotubes and the coverage materials, the nanotube surface has to
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be cleaned before the initial stage of the composite preparing. Hence the purification is the
primary step. At room temperature, the raw products of MWCNTs were sonicated in diluted
nitric acid (30% HNO3) for 30 min, subsequently filtered and washed with distilled water to
acid-free and finally dried at 120 °C overnight. Diluted nitric acid was used to dissolve
catalytic particles and the supporters (CaCO3 particles). Since 1 g of CaCO3 reacts with 1.26 g
of nitric acid during the purification, and the latter amount can be obtained in approximate 4
cm3 30 % nitric acid, both catalytic particles and the supporters can sufficiently be dissolved
by multiplying the volumes of 4 cm3 30 % nitric acid. Fig.2.4 shows a TEM image of a
purified MWCNT. It exhibits regular shape of walls, which are very well graphitized.
Fig. 2.4: TEM image of a purified catalytic MWCNT.
2.2  Surface modification to improve wettability of CNTs
Due to their extraordinary mechanical properties [69, 70], CNTs have been expected
to be promising candidates as reinforcing materials in composites. In fact, in the past few
years, a lot of efforts have been made in using CNTs (SWCNTs and MWCNTs) to reinforce
different polymers [71, 72, 73, 74].  A couple of metal-based composites reinforced with CNT
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have been reported as well [75, 76]. However, these nanoscale composites can not meet large-
scale industrial needs. Bulk metal-based reinforced with CNTs materials are therefore in
demand.
As reinforcements in composites, CNTs must be bonded to the surrounding matrix in
an efficient way so that the load can be transferred from the matrix to the nanotubes
sufficiently. This requires an effective interaction (or an interface) between the nanotubes and
the surrounding matrix. The main encountered obstacle, which impedes building such a
bonding, is the poor wettability of carbon nanotube surface by the matrix. The critical issue
then focuses on how to improve the wettability of carbon nanotube surface. Several references
on processing of CNT-based composites have pointed out the importance of good interfacial
bonding, unfortunately without specifying in detail what determines the interaction between
nanotubes and the matrix [77, 78, 779, 80]. In the last years, researchers have been
investigating the routes to enhance the wettability of carbon nanotube surface. The wettability
of CNTs could be improved by oxidizing or coating the surface of the nanotubes. The
simplest method to oxidize the carbon nanotubes is a heat treatment of the nanotubes.  It was
observed that oxidizing CNTs by heat treatment could increase the interfacial bonding
strength between the CNTs and the matrix [79, 80]. This indicates that the purity of the CNTs,
which can be obtained by the procedure described in §2.1.5, is an important factor for
interfacial interaction.
Coating of MWCNTs with alumina, silica, titania and magnesium has been performed
successfully in our laboratory by K. Hernadi et al [68, 81, 82].  The processes are described
below.
As starting materials, purified MWCNTs were used as plain (as purified) or modified
by surfactant (sodium dodecyl sulphate (SDS), (SDS-treatment is also called soap-treatment)).
For SDS treatment of MWCNTs, 200 mg of purified MWCNTs was sonicated in distilled
water, and then 2 g of surfactant (Na dodecyl sulfate) was added. Subsequently, this
suspension was filtered using a membrane with 0.1 µm pore diameter and dried at 100 °C
overnight.  These two types of MWCNTs were impregnated in liquid or melted compounds.
The impregnation was performed with or without solvent (isopropanol).  More precisely, the
former impregnation involved MWCNTs dispersed in isopropanol via sonication, while the
later used MWCNTs directly suspended in liquid or melted compound under nitrogen. To
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simplify these two expressions, the impregnation treated with isopropanol is hereafter named
as “wet” method, whereas the direct impregnation as “dry” method.  Both organometallic and
inorganic compounds were applied as coating element sources such as aluminium trichloride
(AlCl3 6H2O) and aluminium isopropoxide (Al(OC3H7)3 . 6H2O (AIIP)) for aluminium
coating, whereas magnesium ethoxide (Mg(OC2H5)2, Mg(OEt)2, MgCl2), tetraethyl
orthosilicate (Si(OC2H5)4 (TEOS), Si(OEt)4), and tetraethyl orthotitanated (Ti(OC2H5)4
(TEOTi), Ti(OEt)4) for magnesia, silica and titania coatings.
2.2.1  Coating of plain MWCNTs
2.2.1.1  Dry method
With this method, 20 mg of plain MWCNTs (as purified MWCNTs) was suspended in
a surplus amount of organometallic compound under nitrogen [82]. In the case of AIIP, the
plain MWCNTs and the solid AIIP were directly mixed in nitrogen atmosphere. The mixture
was subsequently covered, stirred and heated up to approximately 140 °C, which is slightly
higher than the melting point of AIIP (134 - 138 °C). In order to obtain a sufficient dispersion
of the MWCNTs in the melted compound, stirring was necessary to overcome the rather high
viscosity of the materials. In a few cases, the sample was sonicated for about 30 min in
nitrogen atmosphere. The organometallic compounds were hydrolyzed by adding a few drops
of distilled water. The general formula of the chemical reaction is described here below
M (OCnH2n+1)x + xH2O  M (OH)x + xCxH2n+1OH
where n is 2 or 3 and M is Al, Si or Ti. In the last step of the impregnation, the samples were
dried in a heated magnetic stirrer and the carbon nanotubes coated with inorganic materials
were heated at 250 °C for 8 hours.  During the final heat treatment, a further decomposition of
M (OH)x happened, providing the oxide or oxide-hydroxide forms. However, the carbon
nanotubes were safe, because the decomposition of carbon nanotubes happens only when the
temperature is higher than 650 °C.  Under transmission electron microscope (TEM), the
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samples revealed a homogeneous coverage by inorganic compounds: alumina, silica and
titania at the surface of MWCNTs (Fig. 2.5) [82].
Fig. 2.5:  TEM images of MWCNTs composites synthesized from solvent-free suspensions of
                different organometallic compounds: the arrow indicates the obtained coating in
                each image. (a) Carbon nanotubes with alumina together with a few needle-like
                crystals. (b) Homogeneous coverage of about 3 nm was obtained with silica. (c)
                MWCNTs coated with titania: the thickness of the layer is continuous but irregular
                compared to the other coating materials.
2.2.1.2  Wet method
This method has been applied for the coating of the MWCNTs with AIIP or AlCl3 ·
6H2O sources.  The impregnation of MWCNTs with AIIP or AlCl3 · 6H2O was carried out in
isopropanol. In the case of AIIP source, 20 mg of plain MWCNTs was impregnated with 50
mg of AIIP in an isopropanol suspension in nitrogen atmosphere. The AIIP was hydrolyzed
by introducing distilled water. Then the solution was dried on a heated magnetic stirrer. With
AlCl3 6H2O source, 20 mg of plain MWCNTs was mixed with a surplus amount of AlCl3
suspended in isopropanol. Subsequently the same heated magnetic stirrer was employed to
dry the mixture. And AlCl3 was thermally decomposed in the final heat treatment at 250 °C
for 8 hours.  However, the results show that with the presence of isopropanol solvent, no
significant coverage is observable at the surface of MWCNTs [82].
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2.2.2   Coating of SDS - treated MWCNTs
Alumina, silica and titania coatings of SDS-treated MWCNTs have been tried out in
wet method as well [81, 82]. 20 mg of SDS-treated purified MWCNTs was dispersed in
isopropanol by sonication. Then a surplus amount of organometallic compounds was
introduced under nitrogen atmosphere and the suspension was stirred for 4 hours. In the case
of coating of MWCNTs with alumina using AIIP or AlCl3 6H2O sources, for the modification
of MWCNTs, a variation of the surfactant (SDS) proportion was also attempted: 120 mg of
surfactants for SDS treatment of 120 mg of purified MWCNTs [81]. It has been observed that
the impregnation of MWCNTs with AIIP, TEOS or TEOTi sources was poor in wet method.
The coverage of the coating elements at the surface of SDS-treated MWCNTs was thin and
irregular.  In contrary, a thick homogeneous layer of amorphous alumina was obtained using
AlCl3 · 6H2O sources. Dry method was also employed for impregnation of SDS-treated
MWCNTs  [81, 82].  However, no significant coverage turned out.
2.2.3  Coating of MWCNTs with Mg
In order to improve the wettability of the system “MWCNTs-Mg”, coating of
MWCNTs with Mg has been performed using the same methods described in §2.2.1. In this
process, organometallic and inorganic sources were applied for impregnation of SDS-treated
MWCNTs. The results showed that a 2 nm thick homogeneous coverage of Mg was obtained
at the surface of MWCNTs [68].
2.3  MMCs processed by powder metallurgy
Magnesium matrix reinforced with different percentages of MWCNTs were
successfully processed by powder metallurgy, commonly designated by its initial letter as PM
or P/M. Mg-1wt%MWCNTs was processed by hot pressing, whereas Mg-2wt%MWCNTs
was synthesized by hot pressing then hot isostatic pressing  (HIP) under high pressure.
Sintering, an assembling of loose or compacted particles metallurgically bond into a coherent
body at elevated temperature, is almost invariably carried out under a protective atmosphere,
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because of the large surface areas involved, and at temperatures between 60 and 90% of the
melting-point of the particular metal or alloys [83]. In order to obtain high density parts, it is
better to increase the sintering temperature, which sometimes can be even higher than 90% of
the melting temperature. The welding together of the particles occurs by atomic diffusion and
generates the strength required for application. In this work, the atomic diffusion is also
expected to enable the MWCNTs to be efficiently embedded in the magnesium matrix,
providing a good interface through which the load can be transferred from the matrix to
MWCNTs. Hot isostatic pressing is a process, which involves using a high-pressure gas
isostatically to press a part or workpiece at an elevated temperature performed in a special
controlled pressure vessel. When consolidating metal powders, the HIP process plastically
deforms the powder, which closes up porosity and achieves 100% theoretical density in the
part. HIP is a process to remove porosity.
In the processing of Mg-2wt%MWCNTs, 0.4 g of purified MWCNTs was oxidized by
heat-treatment in a furnace at 500 °C for 5 min then cooled down to room temperature in air.
These heat-treated MWCNTs and 19.6 g of commercial Mg powders (99.8 % purity, average
particle size 38 µm) were placed in a container (5.5 cm in diameter and 4.5 cm in height),
subsequently the MWCNTs and Mg powders were mechanically mixed by dry blending for
4 h in a Turbula T2C mixer (Fig.2.6). In order to separate the MWCNTs from the
agglomerate state (the purified MWCNTs were agglomerated due to the intermolecular van-
der-Waals interactions between the nanotubes) and to mix MWCNTs with Mg powders
sufficiently, 10 ceramic (Al2O3) balls were added into the container. After blending of the
mixture, no agglomerates of MWCNTs were visible and this indicates that both materials
were well mixed together. The blends were placed in a double-action graphite tooling
consisting of a die and two cylindrical pistons (Fig.2.6). The graphite tooling containing the
mixture was mounted in a Sintris 10STV hot press (Fig.2.6) and hot pressed under following
processes:  in vacuum, the sample was heated up from room temperature to 500 °C at a
heating rate of 50 °C /min then from 500 °C to 600 °C at a heating rate of 10 °C /min under a
pressure of 50 MPa. After sintering at 600 °C for 30 min, the sample was cooled down to
room temperature and a disk-shaped compact (Ø 53 mm x 5mm) was obtained. Finally, the
compact underwent hot isostatic pressing at 600 °C for 60 min under an argon pressure of






 MWCNTsPure Mg (99.8%)
       powder
diffusion between 
the Mg grains 
Turbula T2C mixer Hot compression 
A die & two
pistons Sintris 10STVhot press
Fig. 2.6: The procedure of processing Mg - CNTs by powder metallurgy (Haute école
               valaisanne - Materials & Design Group, University of  Applied Sciences of Western
               Switzerland).
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Fig. 2.7:  SEM  image of fracture surface of Mg-1wt% MWCNTs.
Fig. 2.8: SEM image of fracture surface of Mg-2wt%MWCNTs. Homogeneous dispersion of
              MWCNTs in Mg matrix.
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1800 bar.  The surface of compact was polished with a diamond pad before the density of the
sintered part was measured by the Archimedes method.
A Mg-1%MWCNTs was processed by the similar method as that to obtain Mg-
2%MWCNTs. However, instead of using dry method, a mixture of 0.2 g of heat-treated
MWCNTs   and 19.8 g of Mg powders was manually wet mixed in an alcohol and acid then it
was dried. The used sintering temperature and the pressure were 550 °C and 25 MPa,
respectively. This obtained Mg-1%CNTs composite did not experience hot isostatic pressing.
In this case, two steel plates were used and the mixtures were placed between them.
Fig. 2.7 and 2.8 show the microstructure of specimens with 1 or 2 wt% of CNTs after
fracture. In Fig. 2.7 and 2.8, one can note that the CNTs are embedded in the magnesium
matrix better in the case of 2 wt% of CNTs, which underwent HIP, than in the case of 1wt%
of CNTs.  Sintering parameters (pressure, temperature) have to be optimized in order to
increase the specimen density and consequently the mechanical properties.
2.4   Use of CNTs to modify existing preforms: coating of
        SAFFIL (Al2O3) fibers with CNTs
In order to have a regular distribution of the CNTs for their infiltration by a molten
metal, a 25 vol % alumina SAFFIL short fiber preform was used. It has been possible to let
the CNTs grow on the short alumina fibers by placing the preform in the CVD reactor. To be
precise, a certain amount of catalysts (Fe (III), Co (II)) was mixed with alumina fibers, which
served as supports. The way to mix them is described as following. The powders of Fe (III)
and Co (II) were mixed in distilled water. These mixtures were then introduced into the
preform of 25 vol % SAFFIL fibers placed in a chemical tube (Fig. 2.9), drop by drop. The
chemical tube with the preform was placed in oil. The oil has been heated up to 130 -150 °C
for about 10 hours till the remaining mixture dried. After the evaporation, the chemical tube
with the preform was seated in a furnace and the preform was dried at 120 °C for 1 hour. This
preform of SAFFIL fibers with catalysts was placed in a quartz vessel, which was inserted in
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Fig. 2.9: Method to introduce catalysts (Fe (III) and Co (II)) into a preform of 25 % vol
               SAFFIL fibers.
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a quartz tube in the CVD reactor apparatus (as described in § 2.1.4). Keeping a flow of
nitrogen (70 ml/min), a gas flow of acetylene (10 ml/min C2H2) was introduced. The
acetylene was decomposed and MWCNTs grew at the surfaces of the short alumina SAFFIL
fibers at 720 °C. The entire procedure took 40 min per run. No purification of these products
was performed. Fig.2.10 shows the scanning electron microscopy micrograph of these
products. One can note that, between alumina SAFFIL fibers, the preform is full of carbon
nanotubes.
2.5  MMCs processed by gas pressure infiltration
In this work, MWCNTs - based composites were also synthesized in a gas pressure
infiltration device  (Fig. 2.11) [84], which allows one to infiltrate ceramic preforms with
molten metals or their alloys. The preforms were made of 25 vol % alumina short SAFFIL
fibers or 25 vol % alumina short SAFFIL fibers coated with MWCNTs by CVD, whereas the
metal or alloys used were pure magnesium or aluminium alloys (Al-4%Cu-1%Mg-0.5%Ag
(WFA)). Both preforms and the metals or their alloys were preheated at 720 °C in vacuum
(
€ 
10−2  mbar) (Fig. 2.12). A pressure of 2 MPa was applied during infiltration. Then the
composites were rapidly cooled down by air circulation. WFA-25vol%SAFFIL-CNTs, WFA-
25vol%SAFFIL, Mg-25vol%SAFFIL-CNTs, Mg-25vol%SAFFIL composites were obtained
in this method. Fig.2.13 and 2.14 show the microstructures of the composites. SAFFIL fibers
are well embedded in the Mg or Al alloy matrix. However, the technique did not allow us to
observe CNTs. Plate shaped specimens of dimensions 
€ 
1× 4 × 50 mm (effective length is 40
mm) were obtained by electro-spark machining for internal friction measurements.
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                                (a)                                                                    (b)
Fig. 2. 11: View and Schematic diagram of the gas pressure infiltration device
                   consisting in principle of melting chamber, high pressure valve and vacuum
                   chamber. The high  pressure vale allows one to isolate the melting chamber
                   from  the injection chamber which is located  inside the vacuum chamber.
Fig. 2.12: Operation in the gas pressure infiltration device: (a) melting, (b) casting,
                (c) gate valve closing, (e) de - moulding.
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Fig. 2.13: SEM image of fracture surface of Mg-25%SAFFIL-CNTs.





3.1   Scanning Electron Microscope
The scanning electron microscope (SEM) is an instrument for studying the surface of
materials using an electron beam. The large depth of focus, the excellent contrast and the
straightforward preparation of solid specimens are the reasons for considerable success and
widespread use of scanning electron microscopy in surface imaging over the last decades.
This instrument differs from all other conventional microscopes, using light or electrons, in
forming its image progressively, instead of all at once.
The principle of SEM and diagram of the electron probe formation in SEM are
illustrated in Fig.3.1. Electrons from an electron gun are accelerated by a voltage of 1-50 kV
between the electron gun and anode. A very fine electron beam, serving as an electron probe,
with energies up to 30 keV, is obtained by a condenser lens system and finally focused on the
surface of the specimen. This electron beam scans the surface of the specimen in a pattern of
parallel lines using a scan generator. Under the electron impact, a series of elementary atomic
interaction processes, elastic and inelastic scattering, take place, although the final signal used
for image formation is, with only a few exceptions, not the result of single scattering
processes but of the complete electron diffusion caused by the gradual loss of the electron
energy and by lateral spreading due to multiple elastic large-angle scattering [85]. The main
processes are the emission of secondary electrons (SE), the re-emission or reflection of high
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energy backscattered electrons from the primary beam, the emission of X-rays or Auger
electrons. The secondary electrons are originated from specimen atoms by collision with high
energy electrons, which are the primary electrons entering the specimen or by backscattered
electrons on their way out of it. X-ray emission occurs when an electron from upper shell fills
the vacancy in the ionized shell. The energy of the x-ray may be transferred to another
electron, which leaves the specimen as an Auger electron.  However, the most important
imaging modes of scanning electron microscopy are the secondary electrons (with energies of
a few tens of eV) and backscattered electrons.  The intensity of emission of both secondary
electrons and backscattered electrons is very sensitive to the angle at which the electron beam
strikes the surface, i.e. to topographical features on the specimen. The emitted electron current
Fig. 3.1: Electron path in scanning electron microscope.
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is collected and amplified before it is sent to a computer. Variations in the resulting signal
strength as the electron probe scans across the specimen surface are used to vary the intensity
of a corresponding spot of a raster image synchronous with the probe. A standard scanning
electron microscope can reach a resolution of less than 10 nm.
In this work, a Philips XL 30 microscope equipped with a field emission gun (FEG)
was used. SEM images of the specimens were obtained using secondary electron image mode.
The used acceleration voltages were between 2 and 15 kV, and the typical working distance
was 11 mm.
Fig. 3.2: Philips XL 30 microscope.
3.2  Mechanical spectroscopy
Internal friction ( IF ), also called mechanical loss, is an important parameter to
characterize the mechanical properties of a material. It measures the capacity of the material
to convert its mechanical energy into heat, due to the anelasticity of the material
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                                                         IF = 12π ⋅
ΔW
W                                                           (3.1)
where ΔW  is the energy, which is dissipated in the form of heat in the material per unit
volume during a cycle of vibration, and W  the maximum stored elastic energy, respectively.
Anelasticity is a kind of deformation behavior, which can be observed in a real solid.
When a sample is subjected to an applied stress lower than its yield stress level, the total
deformation of the sample can be divided into two components, elastic and anelastic. Both
elastic strain and anelastic strain exhibit a linear relation with the applied stress. However, the
elastic deformation (strain) responses instantaneously, whereas the anelastic response strain
achieves its equilibrium value only after a period of time, named relaxation time τ . When the
applied stress is unloaded, the strain vanishes completely and instantaneously in the case of
elastic strain but with the relaxation time τ  in the case of the anelastic strain.
From a microscopic point of view, the anelastic deformation can be interpreted by the
reversible movement of structural defects such as point defects, dislocations and grain
boundaries around their equilibrium position. Then the relaxation time is correlated to the
passage of which an internal variable, which describes the motion of the structural defects, for
example, the displacement of a dislocation, relaxes towards its equilibrium. Anelastic
relaxation is an evolution of the material towards equilibrium with a modification of the
internal variable towards a new equilibrium value. During this evolution, a dissipation of
energy results from the motion of the defects.
This dissipated energy can be measured, in practice, by dynamic methods. When a
cyclic stress
                                                              tie ωσσ 0=                                                         (3.2)
where 
€ 
σ 0  and ω  are the amplitude and the circular frequency of the applied stress,
respectively, is applied to a sample, the linearity of the relationship between the stress and the
strain ensures that the response strain is also periodic with the same frequency
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€ 
ε = J*σ = ε1 − iε2                                            (3.3)
where
                                                          J* = J1 − iJ2                                                           (3.4)
is the complex dynamic elastic compliance. Its reciprocal
                                                          G* =
1
J* =G1 − iG2                                               (3.5)
is the complex dynamic elastic modulus. Then
                                                                 ε = ε0e
i ωt −φ( )
                                                (3.6)
where 
€ 
ε0  is the amplitude of the strain and 
€ 
φ  the phase lag between σ  and ε , called
mechanical loss angle, due to the anelasticity of the material. Therefore the mechanical loss
can be obtained





G1                                                  (3.7)
The dissipated energy ΔW  during one cycle of vibration per unit volume and the
maximum  stored elastic energy W  per unit volume  are, respectively
                                                          
€ 
ΔW = σ t( )∫ dε t( ) = πJ2σ 02                      (3.8)
and
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€ 
W = σ t( )
0
ε0




                             (3.9)
By considering these two terms in equation (3.1), one can obtain
                                                        IF = tanφ                                                                (3.10)
3.2.1  Standard anelastic solid and Debye relaxation
Phenomenologically, the standard anelastic solid can be approached by a rheological
model. Fig. 3.3 shows that such a model may consist in a spring (1) and a Voigt unit
(involving a spring (2) and a dashpot (3) in parallel) in series. This section describes how all
the characteristics of an anelastic material can approximately be presented by this three
parameter model.
When  applying   a  stress   abruptly,  the  spring  (1)  with  compliance  
€ 
JU   deforms
instantaneously, whereas the Voigt unit remains  undeformed  due to the dashpot.  With time,
the piston moves in the dashpot (with viscosity 
€ 
η) viscously until the stress on the dashpot is
completely transferred to the spring (2). Fig. 3.4 presents the applied stress 
€ 
σ  and the
response strain 
€ 
ε . The compliance of the whole system evolutes from the initial equilibrium
value 
€ 
JU  (unrelaxed compliance) to the final equilibrium value 
€ 
JR  (relaxed compliance).
Apparently, the elastic and anelastic behavior are represented by the spring (1) and the Voigt
unit, respectively. Moreover, one can easily see that the compliance of the spring (2) is given
by 
€ 
δJ = JR − JU .  The viscosity 
€ 
η of the dashpot is associated to the relaxation time 
€ 
τ  and
can be expressed by 
€ 
η = τ /δJ . The anelastic equation of the standard anelastic solid can be
written as  [86, 87]:
                                                   
€ 
ε + τ ε
•
= JRσ + τJU σ
•
                                       (3.11)
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In the case of using a cyclic applied stress, the solution can be obtained by substituting
equations (3.2) and (3.6) into equation (3.11)
                                     
€ 








 σ − iδJ ωτ1+ω 2τ 2
σ               (3.12)
or
                                                      
€ 









Fig. 3.4: The stress σ  applied to the three-
               parameter model of a standard
              anelastic solid and the response
              strain 
€ 
ε .
Fig.  3.3: Three - parameter model













Chapter 3                                                                                               Experimental techniques
44
                                                
€ 
J1 = JU +
δJ
1+ω 2τ 2                                            (3.14)









JU , the mechanical loss can be computed
                                         
€ 
IF = tanφ = J2J1
= Δ
ωτ
1+ω 2τ 2                                     (3.16)
where 
€ 
Δ = δJ / JU  is called relaxation strength.
The variation of dynamic compliance (also called modulus defect) can be obtained









1+ω 2τ 2                             (3.17)
The equation (3.16) shows a maximum of mechanical loss at ωτ =1 , corresponding to
a symmetrical peak about log ωτ( ) = 0  (Fig. 3.5). Such a peak is usually called Debye peak,
with the height 
€ 
Δ /2 and width Δ logωτ( ) = 1.144  (at half maximum). In response to this peak,
the function of variation of dynamic compliance (equation (3.17)) exhibits a “drop” in the
vicinity of log ωτ( ) = 0  (Fig. 3.5).
A Debye peak reflects a relaxation mechanism, which is associated with the reversible
motion of structural defects such as point defects, dislocations or grain boundaries. In
practice, an observed peak may be more complicated: asymmetrical and broader than Debye
peak. Such a peak may involve a more complex or multi relaxation mechanism (see §3.2.3).
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One can study the relaxation mechanism of a material by analyzing the features of a peak in a
spectrum.
Fig. 3.5: Debye peak and associated variation of the modulus.
When the process of relaxation is thermally activated, the relaxation time depends on
temperature (Arrhenius law)
                                                                  
€ 
τ = τ 0e
H
kT                                                       (3.18)
where  
€ 
τ 0  is the limit relaxation time, H the activation enthalpy of the phenomenon and k the
Boltzmann constant.
Thus the maximum of a Debye peak can is obtained for:




kTp =1                                             (3.19)
where 
€ 
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Equation (3.19) can be written as
                                                            
€ 
ln ωτ 0( ) +
H
kTp
= 0                                             (3.20)
or
                                                           
€ 
lnω = ln τ 0−1( ) − HkTp
                                           (3.21)
from which the activation enthalpy H can be experimentally derived easily. Experimentally,
one usually measures the peak temperature at different excitation frequency and then plot
€ 
lnω  versus 
€ 
1/Tp  (Arrhenius graph). The value of enthalpy H can be obtained from the slope
of the obtained line while the value of 
€ 
τ 0  is given by the intercept at 
€ 
lnω  axis.  However,
when the spectrum is composed of a bad-resolved peak on an exponential background,
decomposition of the peak from the background will be difficult.  In this case, the activation
parameters can be estimated by master curve methods.
3.2.2  Master curve method
The so-called master curve is formed by a superimposition of isothermal mechanical
loss spectra measured as a function of frequency (f) for different temperatures.  If these
spectra may be brought into coincidence by a shift along the log (f) axis, the mechanical loss
is assumed to be a function of only the product 
€ 
ωτ  [88, 89]:
       
€ 
tan(φ) = tan(φ log(ωτ )[ ]) = tan(φ[log( f ) + log(2πτ 0 ) +
H
kT ln(10)])           (3.22)
Bringing into coincidence the isothermal spectra means that 
€ 
tan(φ)  remains constant
by a shift. Thus the variation of 
€ 
tan(φ)  must be zero or
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€ 
δ[log( f ) + HkT ln(10) + log(2πτ 0 )]= 0                                  (3.23)
Then
                                             
€ 
δ(log( f )) = − Hk ln(10) ⋅δ(
1
T )                                            (3.24)
Plotting the line 
€ 
δ(log( f ))  versus 
€ 
δ(1/T) , the activation enthalpy H can be calculated from
the slope of the line.
3.2.3  Multiple relaxations
3.2.3.1  Discrete spectra
A discrete spectrum of relaxation processes is a superposition of n Debye peaks with
discrete values of the characteristic parameters of each peak. More precisely, when there are n
internal variables that are relaxed simultaneously, with a single relaxation time for each of
them, the dynamic response functions become
                                                     
€ 
J1 = JU +
δJ i( )




∑                                       (3.25)
                                                    
€ 





1+ ωτ i( )[ ]
2                                          (3.26)
Then the internal friction and the modulus defect can be expressed by
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€ 
tanφ = J2J1





1+ ωτ i( )[ ]
2                                    (3.27)





J1 ω( ) − JU
JU
= Δ i( )
1




∑                               (3.28)
This means that the whole relaxation spectrum is composed by the superposition of n
independent lines. Each of them is characterised by its own relaxation time 
€ 
τ i( ) .
3.2.3.2  Continuous spectra
An experimental relaxation peak, much broader than a Debye peak and sometimes
with an asymmetrical shape, is often observed, even though this peak is controlled by only
one mechanism. In this case, the relaxation of one internal variable is considered as a
continuous distribution (instead of a unique value) of relaxation times τ . This situation
corresponds, for instance, to the motion of dislocations in a multi-well energy diagram
dependent on the length of the dislocations and the local internal stresses [90].  From the
Arrhenius relation, one can see that the continuous distribution in τ  may originate from a
continuous distribution in activation enthalpy H and/or in the pre-exponential factor 
€ 
τ 0 .





Gaussian distribution with variable 
€ 
β , a measure of the width of the Gaussian
distribution.
€ 
τm  is the mean relaxation time.  With the normalised relaxation function
                                                  
€ 
∧(z) = 1
β ⋅ π 1/2
exp −(z /β)2[ ]                                    (3.29)





         
€ 
J1(x) = JU +
δJ
β ⋅ π 1/2
⋅
exp −(z /β)2[ ]
1+ exp 2 ⋅ (x + z)[ ] dz−∞
+∞
∫ = JU + δJ ⋅ f1(x,β)          (3.30)
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2 ⋅ β ⋅ π 1/2
exp −(z /β)2[ ]
−∞
+∞
∫ ⋅ cosh−1(x + z) ⋅ dz = δJ ⋅ f2 (x.β)        (3.31)
where




ωτm)                                                       (3.32)
Then the internal friction and the elastic modulus defect can be written as
                                                     
€ 




⋅ f2 (x,β)                              (3.33)










⋅ f1(x,β)                              (3.34)
€ 
x '
Fig. 3.6: Normalized distribution functions 
€ 
f2 (x ' ,β) / f2 (0,β)   versus the




ωτm) for different values of  the 
€ 
β  parameter.








ωτm) is plotted in Fig.3.6. The
case of 
€ 
β= 0 corresponds to the linear standard anelastic solid. This means the peak is a
Debye peak.
3.2.4  Relaxation mechanisms
3.2.4.1  Granato model [91]
    Fig. 3.7 shows a dislocation segment with length l  which bows between two
pinning points in a manner analogous to a stretched string. When the applied stress σ  is




                                                                                                      Fig. 3.7: Dislocation string
                                                                                                                                model
In this model, the restoring force
€ 
Ku, opposite to 
€ 
σ , is due to the line tension 
€ 
γ  of the




, acting in the same direction
as 
€ 
Ku, is generated from a couple of different sources such as point defect dragging, kink
pair formation and impurities or other inclusions on the dislocation loop.  The motion
equation of this dislocation segment and the total strain are given by  [92]








,     
€ 
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€ 
ε = JUσ + Λbu                                                                 (3.36)
where 
€ 
b is the Burgers vector of the dislocation, 
€ 
Λ the density of the mobile dislocation, 
€ 
k
the Boltzmann constant, 
€ 
D the diffusion coefficient. From equations (3.11) and (3.16), the
internal friction can be deduced











                              (3.37)







                                                         (3.38)
with





                                                                     (3.39)
and






12γ                                                                (3.40)
Considering the relation between the line tension 
€ 
γ  and the shear modulus 
€ 
µ  or compliance
€ 
JU







                                                         (3.41)
(3.39) can be written as




6                                                                     (3.42)
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then  equation (3.37) becomes







                                             (3.43)
3.2.4.2  The effect of the variation of the pinned dislocation segment length
The expression of the restoring force (Eq. 3.35) shows that the restoring force is very
sensitive to the length of the pinned dislocation loop due to the power of 2 in the 
€ 
l  term.
When the length increases, the restoring force decreases rapidly. The pinning points on the
dislocation lines can be solute atoms, precipitates or impurities. The variation of the length of
pinned dislocation segment may result from statistical jumps of the solute atoms, acting
previously as pinning points on the dislocation loop, from one equilibrium state to another
under thermal activation. The initial distance between the pinning points is assumed to be 
€ 
l0 .
In a simplified model, Schaller [93] assumes that due to the thermally activated jumps, the
length increases from 
€ 
l0  to 
€ 
l  proportionally to the diffusion coefficient 
€ 
D
                                                          
€ 
l = l0 1+αD( )                                                         (3.44)
with  
€ 
α   a coefficient of efficiency.










                                                      (3.45)
This modifies 
€ 
τ  and 
€ 
Δ  in equation (3.40) and (3.39)




12γ l0 1+αD( )[ ]
2                                                (3.46)
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1  l = lo = constant       
2  l = 2l o    at 513K    
3  l = 2l o    at 483K    
4  l = 2l o    at 473K    
5  l = 2l o    at 463K    
6  l = 2l o    at 453K    










Fig. 3.8: Mechanical loss spectra due to the dragging of solute atoms by a dislocation in idea
               solid solution. Curve 1 corresponds to the constant restoring  force.  Whereas curves
              2 to 7 are associated to the decrease in restoring force resulted from the increase in
              temperature.
Dragging of solute
atoms by a dislocation
in idea solid solution
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These modified parameters 
€ 
τ  and 
€ 
Δ  gives rise to a modification of the internal
friction spectrum.  In other words, the configuration of the spectrum such as the peak
appearance and the exponential increase changes with restoring force, which depends on the
efficiency of the pinning points and the atom diffusivity [93]. Fig 3.8 presents different
configurations of curves resulting from weakening the restoring force (K), due to the jump of
one atom at different temperatures. In this case, the peak can be measured with respect to the
background. In some cases, this model still has difficulty to reach the agreement with the
experimental results. In order to give a more realistic value of internal friction, Granato and
Lücke’s assure that pinning points are distributed randomly along the dislocation line.
Moreover, the dislocation loop lengths between the pinning points obey an exponential
distribution
                                                 
€ 







 dl                                               (3.48)
where 
€ 
lN  is the average distance between the pinning points.
3.2.4.3  Dislocation motion in solid solution: pinning-depinning
Now let’s consider dislocation motion in a field of point defects distributed on the dislocation
glide plane. In Schaller’s model, the length of the dislocation loop between pinning points can
be increased by thermally activated jumps of the solute atoms. If the pinning points are not
mobile, under the effect of a cyclic shear stress, the segments of dislocation loop bow
reversibly.  When the applied cyclic stress is greater than the critical stress for breakaway,
dislocation segment breaks away first from one point defect (a pinning point). Then the whole
segment is torn away from the rest of the pinning points on the segment, leading to higher
vibrating amplitude of the dislocation line (Fig. 3.9(a)).  Moreover, after the breakaway from
the previous pinning points, the dislocation segment moves further in its glide plane and is
pinned by the next point defects (Fig. 3.9 (b)). In this way, the dislocation segment migrates
in the point defect cloud distributed in its glide plane by pinning - depinning.
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(a)                                                                                (b)
Fig. 3.9: Schematic illustration of the mechanism of (a) the breakaway of a dislocation
               segment of length L and (b) the motion by pinning - depinning of the dislocation
               segment through immobile point defects distributed in the dislocation glide plane.
3.2.4.4  Hysteretic dislocation damping background in solid solution
Schaller’s model and Koehler theory [94], which take into account only the short-
range dislocation-point defects interaction, can describe and explain the peak of internal
friction spectrum (relaxation peak) with respect to the background. However, they encounter
difficulties in interpreting the damping background. In fact, in addition to the short-range
interaction, a long-range interaction between dislocations and point defects also takes place in
a solid solution. In short-range dislocation-point defects interaction, the point defects, acting
as short-range obstacles, which can be overcome under the effect of the applied stress and
thermal energy activation, interact with dislocation core. In long-range interaction, the point
defects are situated in the bulk, on the two sides of the glide plane of the dislocation, as well
as on the glide plane of dislocations but far away from the dislocation lines. These point
defects generate relatively weak long-range elastic fields, resulting from their various elastic
effects such as size effect, modulus effect and anisotropic effect [95]. Such type of point
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defect obstacles can be overcome by an applied stress athermally, leading to an athermal
hysteretic damping background in solid solution. According to this theory, Gremaud [95]
developed a model, which allows one to predict a complex multi-component behaviour of the
nonlinear internal friction in details, especially to analyse all the characteristic behaviour of
the athermal hysteretic damping background as well as the peaking and pinning effect during
irradiation, associated to dislocation-point defects interaction in solid solution.
Gremaud’s theory, offering a rather precise method to study the internal friction due to
dislocation-point defects interaction, involves complicated calculations. In order to simplify
the calculations, an approximate model was proposed by Benoit [92], based on the fact that in
the low frequency range, the damping is frequency independent. It was assumed that the




and a frequency independent friction term 
€ 
Cu . Then the motion equation of the dislocation
loop can be written as
                                                             
€ 
i ωB + C( )u + Ku =σb                                      (3.49)
and the mechanical loss is given by





















2                                  (3.50)
3.3  Forced torsion pendulum
Forced torsion pendulum was developed for analysing anelasticity with a sub-resonant
method, which allows one to perform the measurements of internal friction and shear modulus
(in arbitrary units) either over a wide temperature range by keeping frequency constant or as a
function of frequency at a constant temperature. Fig.3.10 shows a forced torsion pendulum
Guzla. The Schematic diagram of a forced torsion pendulum is displayed in Fig. 3.11.In this
method, the specimen vibrates at a sub - resonant frequency, which is much lower than the
Chapter 3                                                                                               Experimental techniques
57
resonant frequency of the system. The plate shape specimen with dimensions 1 × 4 × 50  mm
(effective length is 40 mm) is fixed at two ends by two grips. The lower grip is connected to a
short rod, which is subsequently fixed at the bottom of a tube, which houses the pendulum.
The upper grip is connected to a long extension rod, which is suspended either by three
tungsten wires, or by a tungsten wire in tension. Through these tungsten wires, the weight of
the upper grip and the extension rod is counterbalanced by a counterweight (pieces of metal),
avoiding axial stress, which could lead to an axial creep of the specimen during heating.
The electrical excitation is performed by a magneto-electric system consisting of two
Helmholtz coils and permanent magnet attached to the extension rod. The response strain is
measured by a laser beam displacement recorded by a photo cell.  More precisely, when a
generator, which is incorporated in a commercial frequency response analyser (Schlumberger
1250FRA) (Fig. 3.12), produces a sinusoidal electrical signal (an electrical current) with a
given frequency 
€ 
ω  and then this signal is magnified and sent to the Helmholtz coils, a
magnetic force is generated and applied to the permanent magnet.  As a consequence, a
periodic torsion stress
                                                                
€ 
σ =σ 0 sinωt                                                       (3.5)
is applied to the specimen, where 
€ 




                                                              
€ 
ε = ε0 sin ωt − φ( )                                                 (3.6)
is obtained from the photocell. The frequency response analyser (Schlumberger 1250FRA)
measures the phase lag 
€ 
φ  and the amplitude ratio of these two signals. Thus the internal
friction IF  and the shear modulus G  are obtained as
                                                               
€ 
IF = tan φ( )                                                        (3.51)
and
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                                                                                                    Fig. 3.10: View of forced
                                                                                                                     torsion pendulum
                                                                                                                     Guzla.
Fig. 3.11: Schematic diagram of
                                                                                                                   forced torsion
                                                                                                                   pendulum.
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Fig. 3.12: Electronic part of the Guzla forced torsion pendulum.
                                                               
€ 
G = σ 0
ε0
                                                               (3.52)
During the measurement, the temperature of the specimen is controlled by a thermal
system, which consists of a furnace surrounding the specimen, and a Eurotherm PID
controller, permitting to vary the temperature of the specimen in a range of 70-800K.  The
whole system is installed on an anti-vibration frame, in order to prevent it from external
mechanical vibration. The measurements are performed after pumping down to about 10-5
mbar and then introducing 5 mbar pure He as a heat exchange gas. At the temperature lower
than room temperature, liquid nitrogen is employed as refrigerant.
3.4  Free-free vibrating bar apparatus
The free-free vibrating bar apparatus (Fig. 3.13), named “Xylophone”, was used in this
work to measure the sample’s internal friction and the resonant frequency from which the
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Young’s modulus of the sample can be deduced.  A plate shape specimen with dimensions of
1 × 4 × 40  mm is held at two vibration nodes and excited by an electro-static force generated
between the “excitation-detection” electrode and the vibrating specimen (Fig.3.13 (a)). The
capacitance formed by the electrode and the specimen varies with the vibration of the
specimen. The frequency modulated signal can be transferred by a FM demodulator into an
output voltage proportional to the instantaneous deformation of the vibrating specimen by
electronic part (Fig.3.14). This signal serves as excitation signal, which is applied between the
“excitation-detection” electrode and the specimen. Consequently, the specimen is excited and
vibrates at its resonant frequency
                                                                       Switching control
(a)  Schematic diagram of free-free                                             (b)  Xylophone
       vibrating bar.
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Fig. 3.14: Electronic part of the Xylophone II vibrating bar apparatus.
When switching off the excitation, the free-free vibrating bar becomes a free-decay
mode. The internal friction of the vibrating specimen is measured by the logarithmic
decrement:
                                                        
€ 
Q−1 = 1nπ ln
Ai
Ai+n
                                                  (3.53)
where 
€ 
Ai  and 
€ 
Ai+n  are the chosen amplitudes, n is the number of periods required to
decrease the amplitude from 
€ 
Ai  to 
€ 
Ai+n .  The Young’s modulus of the specimen can be
calculated from the resonant frequency f  of the vibrating specimen by
                                                         
€ 
E = ρ ⋅ l
4
1.061⋅ a2
f 2  (Pa)                                            (3.54)
where 
€ 
ρ is the density, a the thickness and  l the length of the specimen.




Experimental results and interpretations:
Al alloys - or Mg - 25%SAFFIL - CNTs
composites
_____________________________________________
4.1  Study of WFA (Al-4%Cu-1%Mg-0.5%Ag)
       -25%SAFFIL-CNTs composites
4.1.1  Experimental results
4.1.1.1  Mechanical properties
Table 4.1 shows that Young’s modulus as measured by free-free bar apparatus for
WFA-25%SAFFIL and for WFA-25%SAFFIL-CNTs are 65.5 GPa and 83.5 GPa,
respectively. One can see that the addition of CNTs increases the Young’s modulus by 27.5
%. The specific modulus for both CNT-reinforced and CNT-free composites is the same. It is
higher than that of steel. However, it was observed that both materials are brittle with a low
tensile strength.








WFA-25%SAFFIL        2.2      65.5     29.8
WFA-25%SAFFIL-CNTs        2.8      83.5     29.8
Steel        7.9      210     26.6
Table 4.1: Density, Young’s modulus and specific modulus of different materials: WFA-25%
                  SAFFIL-CNTs, WFA-25% SAFFIL and steel.
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4.1.1.2  Elastic shear modulus spectra
Elastic shear modulus was measured as a function of temperature during thermal
cycling for WFA-25%SAFFIL-CNTs and WFA-25%SAFFIL (Fig. 4.1). The spectra of both
composites show that the presence of CNTs results in an increase in the elastic shear modulus.
The elastic shear modulus spectra during thermal cycling present a hysteresis in both
composites. However, the hysteresis is more evident in WFA-25%SAFFIL-CNTs than in
WFA-25%SAFFIL. In addition, the elastic shear modulus spectrum is higher during heating

















    WFA-25%SAFFIL-CNTs
   
   WFA-25%SAFFIL
   
Fig. 4.1: Shear modulus spectra measured in WFA-25%SAFFIL-CNTs and in WFA-





              strain  amplitude  
€ 
ε = 10−5 .
The results show that CNTs increase Young’s Modulus and shear modulus in WFA-
25%SAFFIL-CNTs composite. This suggests that the bonding between WFA matrix and
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CNTs is efficient so that the load can be transferred from the matrix to carbon nanotubes and
to the SAFFIL fibres. CNTs can serve as reinforcements in metal matrix composites.
4.1.1.3  Internal friction behaviour
I  Mechanical loss spectra during thermal cycling
Fig. 4.2 shows the mechanical loss spectra for WFA-25%SAFFIL-CNTs and for
WFA-25%SAFFIL composites during thermal cycling. The measurements were performed at
temperature variation rate of 2 K/min and oscillation frequency of 0.5 Hz. A maximum is
observed in the mechanical loss spectra during cooling between 350 K and 100 K in both
















                                   T[K]                                               
 WFA-25%SAFFIL-CNTs     
   Heating     
    Cooling  
   
 WFA-25%SAFFIL
   Heating
   Cooling
2K/min   0.5 Hz
Fig. 4.2: Mechanical loss spectra measured for WFA-25%SAFFIL-CNTs and for WFA-





             strain amplitude  
€ 
ε = 10−5 .
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for WFA-25%SAFFIL. Moreover, one can note a shift of the spectrum towards higher
temperature in WFA-25%SAFFIL-CNTs between 270 K and 160 K with respect to that in
WFA-25%SAFFIL. In higher temperature range between 490 K and 325 K, the mechanical
loss is lower in the case when CNTs are present. Between 320 K and 270 K, the two curves
measured in two materials overlap.  During heating, mechanical loss exhibits an increasing
background. This increasing background is almost the same in both materials.
II  Effect of temperature variation rate
Mechanical loss spectra were also measured during thermal cycling with different




) for both WFA-25%SAFFIL-CNTs and WFA-25%SAFFIL
Fig. 4.3 displays the mechanical loss as a function of temperature for WFA-25%SAFFIL-
CNTs (a) and for WFA-25%SAFFIL (b) during cooling. These mechanical loss spectra were




).  In the extreme
case of 0 K/min, the points were extracted from the spectrum shown in Fig. 4.4,
corresponding to the isothermal equilibrium values achieved after annealing.  This spectrum
was obtained during the measurement with oscillation frequency of 0.5 Hz and cooling rate of
3 K/min interrupted by isothermal annealings for 1 h  at different temperatures. When the
temperature is held constant, the mechanical loss decreases to stabilize at an isothermal
equilibrium value. Because the mechanical loss increases immediately once the cooling starts
again, the isothermal equilibrium does not represent a microstructural modification. However,
the fact that the mechanical loss increases during cooling, with respect to the equilibrium
value, indicates that an additional response in mechanical loss occurs when temperature









) increases, in both materials the
transient mechanical loss increases rapidly, especially in the temperature range between 350
K and 100 K.
It is found that during cooling between 270 K and 160 K, with the same temperature
variation rate the mechanical loss is slightly higher when CNTs are present, i.e. the curvatures
of the spectra for WFA-25%SAFFIL-CNTs are larger than that for WFA-25%SAFIL. This
difference between the mechanical loss spectrum for WFA-25%SAFFIL-CNTs and that for
























 a  4 K/min
 b  3 K/min
 c  2 /min         0.5Hz
 d  1.5 K/min
 e  1 K/min
 f   0.5 K/min


























Fig. 4.3:  Mechanical loss spectra measured for WFA-25%SAFFIL-CNTs (a) and for WFA-
               25%SAFFIL (b) at different cooling rates, f = 0.5Hz, 
€ 
ε = 10−5 .



















T = 0 K/min
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WFA-25%SAFFIL-CNTs





               interrupted by isothermal annealing at 450K, 400 K, 350 K 300 K, 250 K, 200 K,
              150 K and 100 K for 1 hour. f = 0.5Hz, 
€ 
ε = 10−5 .
WFA-25%SAFFIL is clearly observed in Fig. 4.2, where the mechanical loss spectra were
obtained with cooling rate of 2 K/min and oscillation frequency of 0.5 Hz.
III  Effect of frequency
Oscillation frequency also has an effect on the mechanical loss of these composites.
Fig. 4.5 displays the function of mechanical loss varying with oscillation frequency in WFA-
25%SAFFIL-CNTs (Fig. 4.5 a) and in WFA-25%SAFFIL (Fig. 4.5 b). The spectra were
measured under experimental condition of cooling rate of 3K/min. The mechanical loss
maximum height increases in both materials when the oscillation frequency decreases.
However, with the addition of CNTs, the mechanical loss maximum increases much more
rapidly in WFA-25%SAFFIL-CNTs than in WFA-25%SAFFIL. In addition, for temperature
higher than 350 K and frequency lower than 0.05 Hz, one observes that mechanical loss
increases when frequency decreases in WFA-25%SAFFIL-CNTs, but not in WFA-
25%SAFFIL.















T[K]   
WFA-25%SAFFIL-CNTs
              a  0.015Hz
              b  0.03Hz
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a   0.015Hz
b   0.03Hz
c   0.05Hz
d   0.1Hz        3K/min
e   0.15Hz
f    0.3Hz
g   1Hz
(b)
Fig. 4.5: Mechanical loss spectra measured in WFA-25%SAFFIL-CNTs (a) and in WFA-
                   25%SAFFIL (b) at cooling rate 3K/min and different frequencies.
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IV  Dependence of mechanical loss on T• /ω
As it has been shown above, mechanical loss in both materials all varies with
temperature, exhibiting a maximum in the spectrum during cooling. The mechanical loss
maximum height depends on the temperature variation rate and the oscillation frequency.
Mechanical loss measured at 200 K versus ratio T
•
/ω  is plotted for both materials in Fig. 4.6.
It is found from these two curves that the dependence of mechanical loss on the ratio T
•
/ω
for both materials is nonlinear. For small values of T
•
/ω , both curves exhibit non-linearity.
However, for larger values of T
•
/ω , both curves can be considered linear. Moreover, the
height of the curve in the case with CNTs increases with T
•



















 At 200 K
•
Fig. 4.6: Mechanical loss as a function of T
•
/ω  for WFA-25%SAFFIL-CNTs and for WFA-
               25%SAFFIL.
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4.1.2  Interpretation of internal friction behaviour
4.1.2.1  Theoretical model
Non-linearity of the dependence of mechanical loss on T
•
/ω  has been observed in
Mg-based composites by Mayencourt and Schaller [96]. In order to interpret the obtained
experimental results, the authors have developed a theoretical model based on dislocation
motion near the reinforcement-matrix interfaces. In their model, dislocation motion is
assumed to be controlled by a solid friction mechanism in the matrix. According to this
model, dislocations can glide only when the sum of mechanical and thermal stresses, which
are generated at the fibre-matrix interface due to the mismatch of thermal expansion
coefficients between two different phases, exceeds the critical stress for breakaway. These
dislocations can not move back even when the total stress is lower than the critical stress. This
model leads to an approximation of the transient mechanical loss due to the motion of
dislocations associated to temperature variation rate and the oscillation frequency:
€ 























CEΔα                                     (4.1)
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CEΔα                          (4.2)
where 
€ 
∧ is  dislocation density, 
€ 
b the Burgers vector, 
€ 
Jel  the elastic compliance, 
€ 
K  the
coefficient of restoring force,  
€ 
E  Young’s modulus,  
€ 
C  a geometrical factor which takes into
account the stress profile at the interface and the fibre concentration, 
€ 
Δα  the thermal




 the temperature variation rate, 
€ 
σ 0  the applied stress
maximum, ω the oscillation frequency. From equation (4.1), one can deduce a linear equation




/ ωσ 0( ). This model was
employed to analyse the experimental results obtained for Mg-based composites. A
theoretical curve calculated from this model was used to fit the mechanical loss points
measured during cooling at a certain temperature (e.g., at 410 K in the case of Mg2Si/Mg
composite) [96]. It has been shown that by adjusting the constants 
€ 
K  and 
€ 
C , the theoretical
curve fits the experimental points perfectly. This means that the experimental results obtained
for Mg-based composites can be well interpreted by the model [96]. In other words,
dislocation gliding controlled by solid friction was identified as the stress relaxation
mechanism in Mg-based composites.
4.1.2.2  Interpretation of internal friction behaviour in WFA-25%SAFFIL-
             CNTs
I  General discussion
In both WFA-25%SAFFIL-CNTs and WFA-25%SAFFIL composites, one has seen a
maximum in the mechanical loss spectrum measured during cooling (Fig.4.2). Actually, a
similar maximum has been reported in some other metal matrix composites [96, 97]. In those
references, the mechanical loss maximum is attributed to the evolution of the dislocation
microstructure during thermal cycling, because of the large thermal stresses generated near
the interfaces between fibres and matrix due to the large mismatch of thermal expansion
coefficients between the fibre reinforcement and the matrix. In Mg-based composites such as
Mg-Al2O3 [96], the dislocation motion was interpreted as controlled by solid friction.
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In order to interpret the mechanical loss maximum and identify the thermal stress
relaxation mechanism in WFA-25%SAFFIL-CNTs and WFA-25%SAFFIL, the model of
Mayencourt [96] has been used. It is found that the experimental results obtained in WFA-
25%SAFFIL-CNTs and WFA-25%SAFFIL and the calculated curves from the solid friction
model have a good correspondence (Fig. 4.7).  This suggests that the model of stress
relaxation by dislocation motion controlled by a solid friction mechanism such as pinning-
depinning by point defects also holds true in WFA-25%SAFFIL-CNTs and WFA-
25%SAFFIL. More precisely, during cooling when the temperature is at about 350 K (Fig.
4.2), thermal stresses exceed the yield stress of the matrix, and dislocations are pushed away
from the SAFFIL fibre-matrix interfaces. Subsequently, the dislocations continue to glide in


















 At 200 K
•
Fig. 4.7: Mechanical loss as a function of T
•
/ω  measured at 200 K and the curves calculated
               from the solid friction model for WFA-25%SAFFIL-CNTs and  for WFA-
              25%SAFFIL.
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more dislocations are generated under the effect of thermal stresses and glide away from the
interfaces. The dislocation motion results in an increase in mechanical loss. For lower
temperature (T < 160 K), dislocation breakaway would become more difficult. In other words,
the dislocation mobility decreases with temperature and consequently the mechanical loss
decreases, forming the maximum shape in the mechanical loss spectrum. During heating,
dislocation mobility increases with temperature. The dislocations, which were pinned by
pinning centres such as solute atoms during previous cooling, are activated and move back to
the interfaces. On the way back to the interfaces, dislocations meet the same obstacles.
However, as temperature increases, the critical stress for depinning decreases and dislocation
mobility increases continuously with temperature. The dislocation motion gives rise to a
continuously increasing mechanical loss as a function of temperature (Fig. 4.2).
In Fig. 4.3 it is observed that the mechanical loss maximum increases when the




) increases. Moreover, with the same temperature variation rate,
the mechanical loss maximum is slightly higher in the case of CNT additions. On the other
hand, the mechanical loss maximum increases more rapidly when oscillation frequency
decreases in the case of CNT doped specimen (Fig. 4.5). The mechanical loss as a function of
T
•
/ω  at 200 K (Fig. 4.7) can be divided into two sections: a non-linear section with small
values of T
•
/ω  and a linear section with large values of T
•
/ω . The theoretical curves (solid
curves) calculated from the model of Mayencourt [96] fit the experimental results well. The
non-linear sections of the theoretical curves are calculated from equation (4.1) with values of
€ 
∧b2 / JelK =1.92 ×10−1 and 
€ 
CEΔα /σ 0 = 2.08 ×10−3 for WFA-25%SAFFIL-CNTs,
and with values of 
€ 
∧b2 / JelK = 8.99 ×10−2  and 
€ 
CEΔα /σ 0 = 3.56 ×10−3 for WFA-
25%SAFFIL. The linear portions of the curves are obtained from equation (4.2) with
€ 
∧b2 / JelK = 2.23×10−1 and 
€ 
CEΔα /σ 0 = 9.53×10−4  for WFA-25%SAFFIL-CNTs
and with 
€ 
∧b2 / JelK =1.06 ×10−1 and 
€ 
CEΔα /σ 0 =1.57 ×10−3 for WFA-25%SAFFIL.
In order to compare these “fitting - coefficients” more clearly, these values are listed in Table
4.2.
By comparing the coefficients in table 4.2, one finds that in WFA-25%SAFFIL-CNTs
the values of coefficients of 
€ 
∧b2 / JelK  for two sections (non-linear and linear) are higher
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than those for the corresponding sections in WFA-25%SAFFIL, respectively. This means that
the density of mobile dislocations, 
€ 
∧, is higher when CNTs are present. On the contrary, the
values of coefficients of 
€ 
CEΔα /σ 0 for WFA-25%SAFFIL-CNTs are smaller than those for
WFA-25%SAFFIL. This may be interpreted by considering that the parameter 
€ 
C , which is
associated with the interface strength, is smaller in WFA-25%SAFFIL-CNTs. CNTs would be
then responsible for a softening of the fibre-matrix interface. A softer interface would be
positive in toughness improvement, and particularly in improving resistance to thermal
fatigue, because crack propagation will be blunted in the soft region. On the other hand, a
strong interface may be responsible for crack propagation in the reinforcements, which leads
to irreversible damage accumulation.
                KJb el/2∧                  
€ 
CEΔα /σ 0     Material








WFA-25%SAFFIL-CNTs    11092.1 −×   11023.2 −×      31008.2 −×    41053.9 −×
WFA-25%SAFFIL    21099.8 −×   11006.1 −×      31056.3 −×   31057.1 −×
Table 4.2: Values of coefficient 
€ 
∧b2 / JelK  and 
€ 
CEΔα /σ 0 in equations (4.1) and (4.2) for
                 WFA-25%SAFFIL-CNTs and for WFA-25%SAFFIL.
II  Interpretation of the effect of CNTs on the mechanical loss spectrum
In Fig. 4.2 it is shown that due to the addition of CNTs, the mechanical loss as
measured upon cooling in WFA-25%SAFFIL-CNTs is lower than in WFA-25%SAFFIL
between 490 K and 325 K, but it is higher in the temperature range between 270 K and 160 K.
The lower value of mechanical loss in WFA-25%SAFFIL-CNTs between 490 K and
325 K could be due to CNTs, which behave as extra dislocation pinning centres. This
additional pinning of dislocations reduces the dislocation loop length and consequently the
mechanical loss. However, when temperature decreases to about 325 K, the sum of thermal
and mechanical stress overcomes the critical stress for dislocation breakaway and the
mechanical loss increases rapidly. On the other hand, CNTs can be considered as points of
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stress concentration and then activate the nucleation of dislocations. As a result, the
dislocation density increases more rapidly upon cooling in WFA-25%SAFFIL-CNTs and so
does the mechanical loss, leading to a larger maximum height in the mechanical loss
spectrum. The maximum can be described by developing a simple model.
1.  Theoretical modelling
The tiny tips of the carbon nanotubes can be considered as stress concentrators or
stress amplifiers, which can act as agents for the nucleation of dislocations. Because of the
tiny curvature radius of the tips, the thermal stresses at the tube tips are higher than those at
the SAFFIL fibre interfaces. During cooling, the thermal stresses in the matrix near the tube
tips are tenser and increase more rapidly than those in the other regions of the matrix. Elastic
limit will be reached sooner in the matrix close by the CNT and consequently the nucleation
of dislocations occurs sooner near the tips of the nanotubes than at the SAFFIL fibre-matrix
flat interface. Fig. 4.8 shows the model of the dislocation nucleation at the tips of the
nanotubes, which decorate the surface of SAFFIL fibres. It also presents the nucleation of
dislocation from the interface between SAFFIL fibres and matrix, as well as the propagation
of the dislocations originated from the nanotube tips and the SAFFIL-matrix interface.
When the dislocations propagate in the matrix, they encounter other CNTs, which are
dispersed in the matrix during the infiltration of the preform. Together with solute atoms,
these CNTs behave as obstacles and can pin the dislocation loops. During cooling, with the
increasing thermal stresses, the dislocation loops propagate further away from the tips and the
SAFFIL-matrix interface. As already mentioned, this dislocation motion would be controlled
by a solid friction force.
Since the nanotube tips located at the SAFFIL-matrix interface can generate
dislocations sooner, the same number of dislocations can be emitted from the interfaces, but
earlier in WFA-25%SAFFIL-CNTs than in WFA-25%SAFFIL. As a result, the mechanical
loss increases sooner and more rapidly in the case with the addition of CNTs (Fig. 4.2).
On the other hand, the more rapid enhancement in mechanical loss spectrum measured
in WFA-25%SAFFIL-CNTs may be due to a higher density of dislocations in the composite
with CNTs. However, as CNTs, which are located far away from the interface, can be
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considered as obstacles to dislocations, the mobility of the dislocations may be lower, than in
the corresponding CNT-free material. Simulating the maximum of the mechanical loss
spectrum exemplifies this.
Fig. 4.8: Model of nucleation of dislocations from nanotube tips located in the SAFFIL-
               matrix interface and directly from the SAFFIL-matrix interface, as well as the
               propagation of these dislocations in the matrix.
2.  Simulation of the mechanical loss maximum




/ω  is constant, equations (4.1) and (4.2)
become an expression of mechanical loss as a function of temperature. The maximum of the
mechanical loss is proportional to the ratio of 
€ 
Λ /K . The density of mobile dislocations,
CNT
Nucleation of dislocation
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€ 
Λ(T) , and the coefficient of restoring force,
€ 
K (T) , are considered as a function of
temperature.  Thus




K (T)                                                      (4.3)
Because the dislocation production is a function of thermal dilatation, which is
proportional to temperature, one can assume that the density of dislocation is a linear function
of temperature:
                                                        
€ 
Λ(T) = Λ0 (Te −T)                                                     (4.4)
where 
€ 
Λ0  is a constant, 
€ 
Te the temperature of equilibrium. From Fig. 4.2, one can see that
the temperature of equilibrium 
€ 
Te is equal to 350 K in both WFA-25%SAFFIL-CNTs and
WFA-25%SAFFIL composites. In order to account for the different efficiency to nucleate




                                                    
€ 
Λ(T) = Λ0 (Te −T)χ                                                       (4.5)
As the coefficient of restoring force K may depend on the binding energy H between
pining points and dislocations, we can assume that K satisfies the Arrhenius law (equation
3.18):
                                                           
€ 
K = K 0 ⋅ eH /kT                                                        (4.6)
 where 
€ 
K 0  is a constant. Therefore by combining equations (4.5) and (4.6), the mechanical
loss can be written as
                                                        
€ 
tanφ ≈ C1Λ0 (Te −T)χ e
−
H
kT + C2                          (4.7)






C2 are constants. When choosing 
€ 
C1 = 6.5 ×10−5 as well as changing 
€ 
χ
and H, the mechanical loss maximum observed in Fig. 4.2 can be simulated by equation (4.7).
Fig. 4.9 shows two mechanical loss maxima between 100 K and 350 K corresponding to the
two composites, with and without CNTs, respectively. The corresponding values of the
parameters of 
€ 



















 Curve 1 :     
      tanø=6.5x10-5 (350-T)1.13exp(-320/T)       
 Curve 2: 
      tanø=6.5x10-5 (350-T)1.1exp(-304/T)
 
Fig. 4.9 Simulation of mechanical loss maximum in WFA-25%SAFFIL-CNTs (curve 1) and
             WFA-25%SAFFIL (curve 2).
               
€ 
χ            H (eV)         H/k  (K)
Graph 1               1.13        0.02752         320
Graph 2               1.10        0.02614         304
Table 4.3: Values of parameters of χ  and H chosen for simulating graphs shown in Fig.  4.9.
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In Fig. 4.9 and table 4.3, it is found that with larger values of both χ  and H, the
spectrum (curve 1 with CNTs) exhibits a higher maximum. This difference between curve 1
and curve 2 has a good agreement with the observation in the spectra measured in WFA-
25%SAFFIL-CNTs and WFA-25%SAFFIL (Fig. 4.2).  Equation (4.5) shows that larger value
of χ  presents higher dislocation density.  Thus the larger height and the shift of the
mechanical loss maximum can be attributed to the additional enhancement of dislocation
density.  In WFA-25%SAFFIL-CNTs, CNTs are responsible for a higher damping, which
would be due to an additional increase in the dislocation density during cooling.
On the other hand, the larger value of H (activation enthalpy) in the case of CNT
doping means a higher barrier then larger difficulty for dislocation loops to breakaway. This
causes a decrease in dislocation mobility at low temperature, because CNTs are extra pinning
points on the dislocation loops.
4.2  Study of Mg-25%SAFFIL-CNTs composites
4.2.1  Mechanical loss and shear modulus spectra for two
          Mg-based composites
Mechanical loss and shear modulus (G, in arbitrary units) were measured in Mg-
25%SAFFIL-MWCNTs (Fig. 4.10 a). Mg-25%SAFFIL-MWCNTs were processed by
infiltration of a preform of 25 %vol. SAFFIL fibers, coated with MWCNTs by CVD (Fig.
2.10), with molten Mg. For the sake of comparison, a Mg-25%SAFFIL composite was
processed by infiltration of a preform of 25 % vol. SAFFIL fibers under the same conditions
as those for processing Mg-25%SAFFIL-WMCNTs. The mechanical loss and shear modulus
of Mg-25%SAFFIL are plotted as a function of temperature in Fig. 4.10 b.
In Fig.4.10 Mg-25%SAFFIL and Mg-25%SAFFIL-MWCNTs exhibit similar internal





K/min and f = 1 Hz. The mechanical loss depends weakly on temperature, as already reported
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Fig. 4.10: Mechanical loss and shear modulus vs. temperature for Mg-25%SAFFIL-CNTs
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by others [98].  Fig. 4.10 also shows a thermal hysteresis between the mechanical loss
spectrum measured upon cooling and heating in both composites. A similar thermal hysteresis
is observed in the shear modulus spectrum. The mechanical loss spectra obtained during
cooling and during heating cross at the same temperature of 250 K in both composites. Upon
heating a broad maximum of mechanical loss is observed atabout 300 K. Corresponding to
this maximum, a change of slope is observed in the shear modulus curve. The two composites
exhibit a decreasing shear modulus with increasing the temperature and a hysteresis between
cooling and heating.
In addition to these similarities, the internal friction spectra exhibit differences
between the two composites (Fig. 4.11). It is observed that CNTs enhance the average level of
the mechanical loss in the temperature range of measurements. More precisely, the
mechanical loss is higher in the case with CNTs for T < 450 K during cooling and for T < 350
K during heating.  As interpreted for Al-alloys matrices (§ 4.1), the increase in mechanical
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Fig. 4.11:  Comparison  between mechanical loss spectra measured in Mg-25%SAFFIL and
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interfaces in Mg-25%SAFFIL-MWCNTs, so that the mechanical loss is higher when the
temperature is lower than a certain value.
By comparing the mechanical loss spectra obtained in four composites: Mg-
25%SAFFIL-MWCNTs, Mg-25%SAFFIL, WFA-25%SAFFIL-MWCNTs and Mg-
25%SAFFIL, it is easy to find that the most striking difference is the mechanical loss
maximum observed upon cooling in the two Al-matrix composites, which is absent in two
Mg-matrix composites. In the case of Al-matrix, the maximum in mechanical loss was
interpreted as due to the competition between the creation of mobile dislocations, the density
of which is increasing upon cooling, and their mobility, which is decreasing with temperature.
Here in the case of Mg-matrix, the absence of the maximum could be interpreted as if the
dislocation mobility is still high at temperature as low as 100 K.
On the other hand, other researchers [98] found that the mechanical loss in Mg-
25%SAFFIL composite was much lower than in other Mg-based composites such as SiC/Mg.
They attributed the pronounced decrease in mechanical loss in Mg-25%SAFFIL to the large
amount of impurities in the matrix. These impurities were considered as solute atoms, which
were dissolved from the SAFFIL fibers into the magnesium matrix during the interfacial
reaction between SAFFIL and matrix, due to the long contact time, when the composite was
processed by infiltration. Thus the absence of the maximum in two Mg-based composites
studied here may be explained as due to the large amount of solute atoms, which pin
dislocations in Mg matrix.  As a result, the mobility of the dislocations is low with respect to
pure Mg in the whole measurement temperature range.
4.2.2 Relaxation mechanism of thermal stresses in
          Mg-25%SAFFIL-CNTs
Despite the absence of a damping maximum, as observed in WFA-25%SAFFIL-CNTs




 effect can be observed in Mg-25%SAFFIL-CNTs at 240 –130 K
(Fig. 4.12). The effect of oscillation frequency (
€ 
ω ) on damping is more pronounced (Fig.
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Fig. 4.12:  Mechanical loss spectra measured between 300 K and 130 K during cooling in
                  Mg-25%SAFFIL-CNTs, with f  = 1 Hz and different temperature rates: 2K/min,
                 1.5K/min, 1K/min and 0.5K/min, and, 
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Fig. 4.13: Mechanical loss spectra measured between 300 K and 130 K during cooling in




= 2K/min and different oscillation frequencies: 0.5
                Hz, 0.1 Hz and 0.05 Hz, and 
€ 
ε = 10−5 .
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4.13). The mechanical loss increases strongly with decreasing the oscillation frequency. Fig.




/ω  (cycles), which was measured at
180 K.
In Fig. 4.14, one notes that the curve can be divided into two domains: non-linear and




/ω , respectively. When choosing correct
values for the coefficients 
€ 
Λb2 / JelK  and 
€ 
CEΔα /σ 0, which are listed in table 4.4,
equations (4.1) and (4.2) can fit the experimental points quite well (the solid curve in Fig.
4.14). The non-linear behavior would mean that the relaxation mechanism of interface


















 At 180 K
 




/ω  measured at 180 K in Mg-25%SAFFIL-
                 CNTs.
Table 4.4 shows the coefficients of 
€ 
Λb2 / JelK  and  
€ 
CEΔα /σ 0  in equations (4.1)
and (4.2) for Al alloys (WFA) and Mg reinforced with Al2O3 SAFFIL fibers, which are
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coated with carbon nanotubes. One finds that the coefficients of 
€ 
Λb2 / JelK  are smaller,
while the coefficients of 
€ 
CEΔα /σ 0  are larger in Mg-25%SAFFIL-CNTs than in the case of
Al-matrix. As the mobile dislocation density in Mg matrix is certainly not smaller than in Al
matrix (dislocation damping in Mg is high), the smaller value of 
€ 
Λb2 / JelK  would be due to
the higher elastic compliance 
€ 
Jel . As it concerns the coefficient 
€ 
CEΔα /σ 0, the Young’s
modulus E is smaller for Mg and Δα is of the same order of magnitude for an Al or Mg
matrix. As a consequence the high value of 
€ 
CEΔα /σ 0 in Mg-25%SAFFIL-CNTs would
mean that the interfacial strength is better in this system.
                     KJb el/
2∧                      
€ 
CEΔα /σ 0








WFA-25%SAFFIL-CNTs    11092.1 −×   11023.2 −×      31008.2 −×    41053.9 −×
Mg-25%SAFFIL-CNTs    
€ 
2.68 ×10−2   
€ 
1.52 ×10−2      
€ 
5.28 ×10−2   
€ 
2.27 ×10−1
Table 4.4: Values of coefficients of KJb el/2∧  and 
€ 
CEΔα /σ 0  in equations (4.1) and (4.2) for
                 WFA-25%SAFFIL-CNTs and for Mg-25%SAFFIL-CNTs.
4.2.3  Comparison of shear modulus
Fig. 4.15 displays the shear modulus spectra in both Mg-25%SAFFIL-CNTs and Mg-
25%SAFFIL. An enhancement of shear modulus is notable in Mg-25%SAFFIL-CNTs due to
the presence of CNTs. This increase is about 17 % at 500K. As the level of damping was not
decreased by the CNTs (see Fig. 4.10), this would mean that the CNTs improve the interfacial
strength, confirming the above mentioned result as it concerns the parameter 
€ 
CEΔα /σ 0: the
CNTs improve the interface properties in Mg-Al2O3 composites.
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Fig. 4.15: Shear modulus spectra measured in Mg-25%SAFFIL-CNTs and Mg-25%SAFFIL.




 = 2K/min, f = 0.5 Hz, 
€ 
ε = 10−5 .
4.3  Conclusion
WFA-25%SAFFIL-CNTs and Mg-25%SAFFIL-CNTs composites were processed by
gas pressure infiltration. Both SAFFIL fibers and carbon nanotubes were found to be well
embedded in the matrix. The Young’s and shear modulus of the composites were increased by
coating the SAFFIL fibers with CNTs. A large maximum has been observed in the
mechanical loss spectrum of WFA-25%SAFFIL-CNTs upon cooling. This maximum appears
to be shifted towards higher temperature (between 270 K and 180 K) with respect to the
maximum obtained in WFA-25%SAFFIL without CNTs. A model has been developed to
interpret the effects of CNTs as follow: the CNTs located at the SAFFIL-matrix interface are
assumed to favor dislocation nucleation, while the CNTs far away from the interface can pin




/ω . A non-linear
function has been obtained this way, which was accounted for by the model of Mayencourt
[96]. From this model it is concluded that the relaxation of the interface thermal stresses is
achieved by hysteretic motion of dislocations in the matrix. A high level of the transient
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damping as observed in WFA-25%SAFFIL-CNTs (Fig. 4.7) accounts for a high density of
mobile dislocations. In Mg-25%SAFFIL-CNTs too, the average damping has been increased
due to the addition of CNTs (Fig. 4.11). The geometrical factor 
€ 
CEΔα /σ 0 associated to the
interfacial stress profile indicates that CNTs should be responsible for interface softening in
WFA-25%SAFFIL-CNTs (Table 4.2) and interface strengthening in Mg-25%SAFFIL-CNTs




experimental results and interpretations
_____________________________________________
5.1  General features of mechanical loss and shear
       modulus spectra
Magnesium reinforced with 1% or 2% multi-wall carbon nanotubes composites, which
were processed by sintering, were characterized by tensile tests and mechanical spectroscopy.
Fig. 5.1 shows a typical tensile test curve obtained in Mg-2%CNTs. The curve is



















Fig. 5.1: Stress-strain behavior of Mg-2wt.%CNT composites measured in tensile tests.
yield strength tensile strength strain after fracture
89 MPa, 140 MPa ~ 3 %
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Fig. 5.2: Mechanical loss and shear modulus as a function of temperature measured: (a) in
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The tensile curve accounts for a sound material with ultimate tensile stress of 149 MPa
and elongation of 3 %. This allows one to conclude that the processing route was good
Fig. 5.2 a and b display the mechanical loss as well as the shear modulus (arbitrary
units) as a function of temperature in Mg-1%CNTs and Mg-2%CNTs composites,
respectively. The spectra were obtained during the first thermal cycle for each material.
Temperature variation rate of 2 K/min, oscillation frequency of 0.5 Hz and strain amplitude of
€ 
ε = 10−5  were employed during the measurements. In both composites, a peak is notable in
the mechanical loss spectra between 300 K and 400 K. Annealing at 480 K for 10 minutes
leads to a decrease in the mechanical loss and an increase in the shear modulus. Upon cooling
the mechanical loss peak is better resolved with respect to the exponential background,
especially in the case of 1 % CNTs (Fig. 5.2 a), where the mechanical loss decreases more
significantly after annealing. Comparison of the shear modulus of the two composites shows
that Mg-2 % CNTs possesses a higher shear modulus. Indeed a larger quantity of carbon
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For comparison a plate of un-reinforced magnesium was processed by sintering
commercial pure magnesium powders (99.8 %). Mechanical loss spectrum of this pure Mg
specimen is presented in Fig. 5.3. The spectrum is similar to the ones measured in the two Mg
reinforced with CNTs composites (Fig. 5.2 a, b). Pure Mg also exhibits a mechanical loss
peak and a hysteresis between heating and cooling in both mechanical loss and shear modulus
spectra. However, the hysteresis is much smaller, compared to that in the Mg-CNTs
composites. Fig. 5.4 shows the mechanical loss spectra measured in the three materials, while
the effect of CNTs on the shear modulus can be observed in Fig. 5.5. It is noted that 2 %
CNTs increase the shear modulus by about 14 % at 480 K with respect to pure Mg. The shear
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Fig. 5.4: Mechanical loss as a function of temperature measured in  pure Mg, Mg-1%CNTs




 = 2 K/min, f = 0.5 Hz 
€ 
ε = 10−5 .
The hysteresis observed in the mechanical loss spectra during the first thermal cycle
can be explained as follows. Upon first heating, the dislocations are relatively free leading to
a high level of mechanical loss. Annealing at 480 K favours the impurity migration towards
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the dislocations. Then the density of pinning centres on the dislocation loops increases
reducing the dislocation mobility and consequently the mechanical loss. A lower mechanical













Fig. 5.5: Shear modulus as a function of temperature measured in pure Mg, Mg-1%CNTs and




 = 2 K/min, f = 0.5 Hz 
€ 
ε = 10−5 .
5.2  Effect of thermal cycles with different temperature
       variation rates
Mechanical loss and shear modulus spectra obtained in Mg reinforced with 1 % CNTs
and 2 % CNTs composites as well as in pure Mg have been displayed in Figs 5.2 to 5.5. The
results are as received under the same experimental conditions. In order to study the response




 have been performed in
both Mg-2%CNTs and Mg-1%CNTs composites.
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5.2.1  Mg-2%CNTs
Two continuous thermal cycles with the same experimental conditions have been
performed in Mg-2%CNTs composites. Fig. 5.6 shows the mechanical loss and shear
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Fig. 5.6:  Mechanical loss and shear modulus as a function of temperature measured in Mg-




 = 2 K/min,  f  = 0.5 Hz,
                
€ 
ε = 10−5 .
The large thermal hysteresis observed in the mechanical loss spectrum during the first
thermal cycle diminishes significantly during the second thermal cycle. Almost the same level
of mechanical loss spectrum is observed upon cooling and upon heating during the second
cycle. Corresponding to the absence of the large hysteresis in the mechanical loss spectrum
during the second thermal cycle, the relative height of the shear modulus curve is inversed. In
the first cycling, the shear modulus spectrum is higher upon cooling than upon heating, while
it is an opposite case during the second cycling. Moreover, the shear modulus during second
cycling is lower (Fig. 5.6).
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Fig. 5.7: Mechanical loss as a function of temperature measured in Mg-2%CNTs upon
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Fig. 5.8:  Shear modulus as a function of temperature measured in Mg-2%CNTs during
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Mechanical loss spectra were also measured under different temperature variation
rates. Fig. 5.7 presents the mechanical loss curves obtained upon heating during four thermal
cycles with frequency of 0.5 Hz and temperature variation rate of 2 K/min, 1.5 K/min or 1
K/min, respectively. It is observed that after the first cycling, the spectrum becomes
approximately stable, with a slight decrease at high temperature with increasing the number of





The evolution of shear modulus between different thermal cycles at different heating
rate is shown in Fig. 5.8. It is observed that the shear modulus decreases at high temperature




 decreases). The spectra displayed in Fig.
5.6, 5.7 and 5.8 show that after the first heating, both mechanical loss and shear modulus are








 effect is weak in these composites).
5.2.2  Mg-1%CNTs
Fig. 5.9 shows the mechanical loss and shear modulus behaviour of Mg-1%CNTs




= 2 K/min or 1.5 K/min. By
comparison with the case of 2% CNTs, similar variations in the mechanical loss or in the
shear modulus are observed. The evolution of mechanical loss and shear modulus spectra
upon heating during three thermal cycles is displayed in Fig. 5.10 and Fig. 5.11, respectively.
Fig. 5.10 shows that the evolution of mechanical loss spectrum with the number of
thermal cycles in Mg-1%CNTs resembles the case of 2 % CNTs (Fig. 5.7): after the first
thermal cycle, mechanical loss has almost the same value in the low temperature range but
slight decrease at high temperature upon heating during the subsequent cycles. The shear
modulus measured upon the second heating is slightly higher than that in the subsequent
thermal cycle over the whole measurement temperature range.
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Fig. 5.9: Mechanical loss and shear modulus as a function of temperature measured in Mg-
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Fig. 5.10: Mechanical loss as a function of temperature measured in Mg-1%CNTs during
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                  K/min, 1.5 K/min, 1 K/min,  f = 0.5 Hz.
5.2.3  Summary
As presented in §5.2.1 and § 5.2.2, in two Mg-CNTs composites, both mechanical loss
and shear modulus become relatively stable after the first heating. In the subsequent heatings,
in Mg-2%CNTs, the mechanical loss spectra overlaps in a large temperature range, with a
slight decrease at high temperature when increasing the number of cycles. This decrease in
mechanical loss accompanies a slight decrease in the shear modulus.
The peak observed in damping spectra in three materials is not well resolved with
respect to the exponential background.  Thus activation enthalpy will be calculated using the
master curve method.
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5.3  Activation enthalpy
Isothermal measurements were performed in Mg-2%CNTs. Fig. 5.12 shows the
mechanical loss and the shear modulus as a function of frequency in a logarithmic scale,
obtained at 390 K (near the peak temperature of 413 K): mechanical loss decreases and shear
modulus increases with increasing frequency.
Similar isothermal measurements were performed at different temperatures. The
corresponding mechanical loss spectra are shown in Fig. 5.13. Mechanical loss increases and
a shift of the curves towards higher frequency is observed with increasing the temperature of
measurements. This indicates that the relaxation mechanism is thermally activated. The

























At  390 K 
Fig. 5.12: Isothermal measurement of mechanical loss and shear modulus as a function of
                 frequency (in logarithmic scale) performed at 390 K.























Fig. 5. 13: Isothermal measurements at of mechanical loss as a function of frequency (in





















Hact = (0.83±0.04) eV
 
Fig. 5.14: Arrhenius plot. Shifts were made in the entire mechanical loss spectra with respect
                 to the spectrum measured at 400 K.
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In the framework of the master curve method, shifting should be made along the
€ 
Δ log( f )-axis, in Fig. 5.13, till two isothermal spectra measured at different temperatures
superimpose.  Plotting the shifts of frequency, 
€ 
Δ log( f ), as a function of the variation of the
inverse of temperatures, 
€ 
Δ(1/T), gives a straight line (Arrhenius plot, see Fig. 5.14.) The
slope of the straight line yields the activation enthalpy as 0.83 eV.
However, the limit relaxation time 
€ 
τ 0 cannot be derived directly by this method from
Fig. 5.14. It can be calculated using the Arrhenius law at the peak position. Then
                                                        
€ 
ωτ = τ o⋅eHact /kT p =1                                      (5.1)
In Fig. 5.7, one observes a stable peak in the spectra obtained upon heating during
different cycles after the first one. The peak temperature, 
€ 





f = 0.5Hz ) and the activation enthalpy obtained from Fig 5.14 into
equation (5.1), a limit relaxation time of 
€ 
τ 0 = 2.3×10−11 s can be calculated. This is
























Fig. 5.15:  Master curve obtained in Mg-2%CNTs.
Chapter 5                                                                       Experimental results and interpretations
102
A master curve (Fig. 5.15) can be obtained by coinciding the spectra in Fig 5.13 along
the log (f)-axis. Together with the associated activation enthalpy, the master curve contains
the same information as all the spectra shown in Fig. 5.13.
5.4  Theoretical modelling
The studied CNT-reinforced Mg composites and pure Mg show a similar mechanical
loss spectrum composed of a relaxation peak and an exponential background (Fig. 5.2 and
5.3). The shape of these spectra resembles the graphs (Fig. 3.8) calculated from Schaller’s
model [93]. Thus the mechanical loss in these Mg based materials could be due to
dislocations, which drag solute atoms in the solid solution. The solute atom mobility depends
on temperature via the diffusion coefficient
                                                         
€ 
D = D0e−Eact /kT                                                        (5.2)
where 
€ 
D0  is a constant, 
€ 
Ecat  activation energy. Around the peak temperature, all the solute
atoms do not move cooperatively and then the length of the dislocation loops (Equation
(3.43)) depends on temperature:
                                                        
€ 
l = l0 (1+ λe−Eact /kT )                                                 (5.3)
where 
€ 
λ =αD0. For taking into account the efficiency of diffusion to increase the
dislocation loop length, one replaces 
€ 
Eact  with 
€ 
υEact , where 
€ 
υ  is a fitting coefficient. Then
                                                         
€ 
l = l0 (1+ λe−υEact /kT )                                               (5.4)
Apparently, the relaxation peak observed experimentally is asymmetrical and broader
than a Debye peak. As described in §3.2.1.2 II, this can be attributed to a continuous
distribution in the relaxation time 
€ 
τ . Let the pre-exponential factor 
€ 
τ 0  be constant, equal to
the calculated value, 
€ 
2.26 ×10−11 s, but the activation enthalpy varying with a variable 
€ 
ξ
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continuously. Using the string model and combining equations (3.37) and (3.42), the
mechanical loss can be expressed as           




6 ⋅ (1+ λe
−υEact /kT )2 ⋅ ωτ 0 ⋅ e
ξEact /kT
1+ω 2τ 02 ⋅ e2ξEact /kTξ1
ξ2
∫ dξ               (5.5)
Fig. 5.16: Mechanical loss as a function of temperature between 300 K and 480 K calculated
                 from the model of dagging of solute atoms by dislocations. Two curves correspond
                 to dislocation mean length  
€ 
l0 ≈ 30µm  and 
€ 
l01 = 0.9l0, respectively. The shorter
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In addition, one should take into account the mechanical loss background. Thus, by
adding a term for this background,
€ 
tan(φ)bgd , equation (5.5) can be rewritten as
€ 
tan(φ) = tan(φ)bgd +
Λl02
6 ⋅ (1+ λe
−υEact /kT )2 ⋅ ωτ 0 ⋅ e
ξEact /kT




∫             (5.6)
From the experimental results shown in Fig. 5.2 b, one finds that the background is










ξ2 , the curves were
plotted from the equation (5.6) as shown in Fig. 5.16. The theoretical spectra in figure 5.16
are very close by the experimental curves (Fig 5.3 and 5.6, second thermal cycle). This shows
that the model is correct. High temperature mechanical loss in Mg is due to dragging of the
solute atoms by dislocations. Reinforcing Mg by carbon nanotubes, which cannot move like
the other solute atoms at high temperature, would be positive to improve creep resistance of
Mg-based alloys.
5.5  Conclusion
Mg matrix reinforced with 1% CNTs or 2% CNTs composites have been processed by





 effect is negligible. These are due to the low percentages of carbon nanotubes and their
tiny size, respectively. A large hysteresis is observed during the first thermal cycle. However,
it diminishes during the subsequent cycles. This has been attributed to the migration of
impurities such as solute atoms, which subsequently pin dislocations in the matrix, during the
first annealing at 480 K.  Both Mg-1%CNTs and Mg-2%CNTs as well as pure Mg all exhibit
a relaxation peak in the damping spectrum. The peak is not well-resolved from the
exponentially increasing background.  The peak has been simulated by theoretical modelling.
It is found that the non-well-resolved peak is due to the restoring force weakening, which is
interpreted as due to the thermally activated statistic jumps of solute atoms. Comparing to
pure Mg, the shear modulus increases in Mg-2%CNTs, but decreases in Mg-1%CNTs. Lower





6.1  Microstructures of the developed bulk CNTs - based
       composites
The aim of this work was to develop processing routes for reinforcing light metal
matrix with carbon nanotubes, as well as to study the mechanical properties of these new
MMCs. Aluminium alloys, Al-4%Cu-1%Mg-0.5%Ag (WFA), and pure magnesium were
employed as matrices, while catalytic multi-wall carbon nanotubes (MWCNTs) synthesized
by CVD were expected to play a role of modifiers of the SAFFIL-matrix interface and/or
reinforcements in the composites. WFA-25%SAFFIL-CNTs and Mg-25%SAFFIL-CNTs
were processed by infiltration, whereas two Mg-CNTs composites with different proportion
of carbon nanotubes, 1%CNTs or 2%CNTs, were fabricated by sintering.
All of the four studied composites show a fine microstructure. The two Mg-CNT
composites are characterized by a locally homogeneous distribution of the carbon nanotubes
in Mg and the nanotubes remain in a good form (not damaged).  In WFA-25%SAFFIL-CNTs
and Mg-25%SAFFIL-CNTs, SAFFIL fibres disperse homogeneously in the matrix throughout
the whole composites, while carbon nanotubes are not visible. The carbon nanotubes in these
two composites could be completely embedded in the matrix. Therefore it is not easy to find
them in a random fracture surface. On the contrary, carbon nanotubes could stay between the
Mg grains in the Mg-CNTs composites, only partially embedded inside the grains, because
the diffusion between the Mg grains is limited during sintering due to the oxide layer of the
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Mg grains. Thus when breaking the specimens by bending, the fractures tend to take place
along the grain boundaries. Consequently, a lot of carbon nanotubes are observable by
Scanning Electron Microscopy along the fracture surface.
6.2  The impacts of CNTs on the elastic and anelastic
       properties of the CNTs-based composites
6.2.1  Impacts of CNTs on Young’s modulus and shear modulus
Except for Mg-1%CNTs, all other three studied CNT-based composites have shown a
significant increase in Young’s and shear modulus, compared to the corresponding CNT-free
materials, respectively (Table 6.1). This means that catalytic multi-wall carbon nanotubes can
act as reinforcements in light metallic matrix such as Al alloys or pure Mg, with or without a
second phase of reinforcements such as Al2O3 SAFFIL fibres. The methods employed in this
work, infiltration and powder metallurgy, are then efficient for processing Al or Mg matrix
reinforced with SAFFIL fibres, coated with CNTs by CVD, or Mg reinforced with CNTs
composites, meaning that a strong and effective interface bonding between CNTs and the














WFA-25%SAFFIL+CNTs 2.8 83.5 29.8 3.5 at 480 K
WFA-25%SAFFIL 2.2 65.5 29.8
Mg-25%SAFFIL+CNTs 2.2 76.4 34.7  17 at 500 K
Mg-25%SAFFIL 2.1 56.7 27.0
Mg-2%CNTs 1.7 38.6 22.7  15 at 480 K
Mg-2%CNTs coated 1.7 38.3 22.5
Mg 1.7 35.3 20.8
Steel 7.9 210 26.6
Table 6.1: Density, Young’s modulus, specific modulus and increase in shear modulus due to
                 CNTs in different materials.
Chapter 6                                                                                                       General discussions
107
The enhancement in elastic modulus indicates that growing CNTs on the surface of
SAFFIL fibres and heat treatment of CNTs can help to achieve an efficient CNT-matrix
interface bonding. In the former, SAFFIL fibres could act as a structure holding the
nanotubes, which were dispersed throughout the whole preform during their growth in the
CVD reactor. In this case, the space between individual nanotubes is larger than in the case
without the support of SAFFIL fibres. Thus during infiltration of such a preform of SAFFIL
fibres coated with CNTs, the molten metal could go through the inter space between the
nanotubes and more contact between their surface and the molten metal was created.
Consequently, the CNTs are embedded in the matrix successfully and homogeneously. It
overcomes the drawback caused by the poor wettability of the nanotubes by Al alloys or Mg
as well as by the intermolecular Van-der-Waals interactions between the nanotube, thus
resulting in the formation of aggregates. As a matter of fact, this drawback appeared as CNTs
were gathering together in the centre of the composite with uncompleted infiltration of the
CNTs. In the second way, heat treatment oxidizes the surface of the nanotubes. This is helpful
for building a stronger interface between CNTs and Mg.  However, in Mg-1%CNTs, the
Young’s and shear modulus were found to be lower than that of pure Mg. This may be
attributed to the remaining porosity along the interfaces. Also, in addition to the modification
of the CNT surfaces, hot isostatic pressing was utilized as a second step in processing Mg-
2%CNTs for eliminating pores and providing better interfaces in the Mg-CNTs composites.
The lower density of WFA-25%SAFFIL (Table 6.1), comparing with WFA-25%SAFFIL-
CNTs, may be due to more interface porosity, which forms in this composite during the
processing.  This means that multi-wall carbon nanotubes could be helpful for establishing a
better interface between SAFFIL fibres and the matrix (WFA), with less porosity. On the
other hand, the less good interface quality in WFA-25%SAFFIL could be partially
responsible for the lower Young’s modulus. The methods of infiltration and powder
metallurgy could be used with profit in processing and scaling up the products.
6.2.2  Impacts of CNTs on damping capacity
After having an over look at the mechanical loss spectra of the four developed CNTs-
based composites, one finds that carbon nanotubes have evident impacts on the damping
capacity of the composites. For example, CNTs can enhance the mechanical loss of the
composites in a certain temperature range during cooling: between 270 K and 160 K in WFA-
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25%SAFFIL-CNTs (Fig. 4.2), between 450 K and 130 K in Mg-25%SAFFIL-CNTs (Fig.
4.11) and between 230 K and 110 K in Mg-2%CNTs (Fig. 5.4). In the two CNTs-based
composites produced by infiltration, this enhancement has been attributed to the increase in
the density of mobile dislocations due to the additional dislocation nucleation from the
nanotube tips, located in the interface between SAFFIL fibres and matrix. The CNTs far away
from the interface are also considered to behave as obstacles and pin dislocations. Thus the
mobility of the dislocations is decreased. The model developed based on these hypotheses can
explain the damping phenomena, which deviate from the cases without CNTs as analysed in
chapter 4.  In this model, the interfaces between nanotube walls and matrix are not taken into
account as a dislocation source. Actually, some dislocations might be emitted from these
interfaces and give a contribution to the dislocation density as well. However, this
contribution would be negligible in both WFA-25%SAFFIL-CNTs and Mg-25%SAFFIL-
CNTs composites, whereas it would be significant for the improvement of damping in Mg-
2%CNTs between 230 K and 110 K during cooling, with respect to the damping spectrum in
pure Mg.
Particularly, a large increased transient damping (Fig. 4.6 or Fig. 4.7) is induced in
WFA-25%SAFFIL-CNTs composite due to CNTs. Although this is not analyzed in Mg-
25%SAFFIL-CNTs, it could be expected that CNTs would result in a larger transient damping
in Mg-25%SAFFIL-CNTs, compared to Mg-25%SAFFIL. The increase in transient damping
indicates a softening in the interface between the WFA or Mg matrix and the SAFFIL fibres.
Carbon nanotubes should be responsible for this interface softening then a resistance of
fatigue.
6.2.3  Reinforcement size effect
The use of nano-sized reinforcements in MMCs aimed at reducing the thermal
stresses, which are built at the ceramic-matrix interface due to the difference in the thermal
expansion coefficients. In the case of classical reinforcements like short or long fibres (Al2O3,
SiC or C) the thermal stresses can be relaxed by two ways: interface cracking or dislocation
emission. Interface cracking is not good, because it leads to damage accumulation until
fracture of the specimen. Emission of dislocations in the matrix, which has to be ductile in the
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interface region, is a relaxation mechanism leading to a better behaviour with respect to
thermal fatigue, especially if after first thermal cycles the dislocation network is stable.
In the present work, micro-sized reinforcements were the alumina SAFFIL short
fibres, which have a diameter of about 3 µm and length of about 100 µm. During thermal
cycling these reinforcements generate thermal stresses, which are responsible for a large
transient maximum in damping observed upon cooling (Fig. 4.2): the so-called 
€ 
˙ T  effect,
which is the signature of the interface stress relaxation in MMCs by dislocation motion.
In the case of magnesium reinforced with carbon nanotubes, no 
€ 
˙ T effect has been
observed at low temperature. This behaviour can be interpreted in two ways: fibre-matrix
(nanotube-Mg) bonding is bad or thermal stresses are weak because of the reduced size of the
reinforcements. First we can admit that the bonding between the CNTs and the magnesium
matrix is rather good, because the CNTs are responsible for an increase in the elastic modulus
of Mg: about 9% in the Young’s modulus and 15 % in the shear modulus at 480 K for 2 %
MWCNTs. As a consequence, we can consider the MWCNTs as reinforcements of the Mg
matrix. Also as they do not give rise to a noticeable 
€ 
˙ T  effect, they can be considered as no
thermal stress generators. It is not unreasonable to admit that reducing the size of the
reinforcing objects (particles or fibres) by a factor of ten or hundred will reduce the thermal
stresses by this factor. Naturally for improving the modulus like in the case of SAFFIL fibres
additions (here 25 vol % of fibres) the volumetric fraction of the CNTs has to be strongly
increased. By taking into account the rule of mixtures and a configuration of the CNTs in
parallel and in series, one can predict a Young’s modulus of about 200 GPa for 50 vol% of
CNTs in a Mg matrix. Naturally to achieve this challenge, one needs CNTs with a Young’s
modulus of about 800 GPa and also to improve the processing route to disperse successfully
50 % of CNTs in the metallic matrix. In this case, the resulting MMC will have a modulus as
high as steel without the drawback to be very sensitive to thermal fatigue because of the high
thermal stresses built at the interfaces.
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6.3  Propositions for further research
The results obtained in WFA-25%SAFFIL-CNTs, Mg-25%SAFFIL-CNTs and Mg-
2%CNTs have demonstrated that a substantial improvement in Young’s modulus has been
attained through small amounts of carbon nanotubes as reinforcing phase in the MMCs. In
order to increase Young’s modulus more, it would be better to replace the catalyst MWCNTs
by other types of carbon nanotubes such as arc-discharged grown MWCNTs and catalyst/arc-
discharged grown single wall or catalytic double wall nanotubes, which have a much higher
Young’s modulus. As scaling up arc-discharged grown nanotubes still encounters difficulties,
using those nanotubes as reinforcing phase can be limited in processing small sized
composites. On the other hand, Young’s modulus can be enhanced by increasing the
proportion of CNTs in the composites as proposed here above.
Wettability remains an obstacle in developing CNTs reinforced metal matrix
composites. In this work the coated CNTs have been also applied and the Young’s modulus is
increased in Mg-2%CNTs coated by about 8.5%, compared to pure Mg. However, no useful
amount of these coated carbon nanotubes was available for developing larger amount of
composites. Therefore, scaling up the modified nanotubes would be an important step to
improve mechanical properties of the MMCs with CNTs as the reinforcing phase. Using
coated CNTs to replace the plain ones would be significant attempts.
Increasing the diffusion between pure magnesium grains would be a way to embed
CNTs in Mg better so as to improve the CNTs-Mg interface bonding by powder metallurgy.
In order to achieve this goal, pure Mg powders with thinner oxide surface layer would be
helpful and experimental conditions should be modified. On the other hand, as the favourite
size of the matrix is similar or smaller than that of reinforcement for better densification of a




Metal matrix composites (MMCs) with carbon nanotubes (CNTs) as reinforcements
have been developed. It has been shown that carbon nanotubes have positive impacts on these
composites. Coating Al2O3 SAFFIL fibres with CNTs before infiltration by the molten metal
can substantially enhance the Young’s and shear modulus. In the case of Al alloy (WFA)-
25%SAFFIL-CNTs the Young’s modulus was increased by 27.5 % and the shear modulus at
480 K by about 3.5 %, respectively. In the other case of Mg-25%SAFFIL-CNTs, an
enhancement of 35 % in Young’s modulus and of 17 % in shear modulus at 500 K was
achieved. In Mg-2wt%CNTs processed by powder metallurgy, the Young’s and shear
modulus were increased by 9.3 % and 15 % (at 480 K), respectively.
It has then been shown that catalytic multi-wall carbon nanotubes act as modifiers of
the interfaces between the SAFFIL fibres and Al alloys or Mg matrix. A better reaction of
these interfaces to thermal stresses has been observed by detection of an additional damping.
The nanotube tips situated in the SAFFIL-matrix interfaces act as local stress amplifiers
enhancing dislocation emission and then relaxing thermal stresses sooner. A model has been
developed to describe the mechanism of dislocation nucleation from the tips. The mechanical
loss maximum during cooling in WFA-25%SAFFIL-CNTs and WFA-25%SAFFIL was
theoretically simulated. The relatively higher values in dislocation density and activation
enthalpy in WFA-25%SAFFIL-CNTs prove the hypothesis: dislocation nucleation by the
nanotube tips located in the SAFFIL-matrix and additional pinning dislocation loops by
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nanotubes located far away from the interface. In both WFA-25%SAFFIL-CNTs and Mg-
25%SAFFIL-CNTs, the dependence of mechanical loss on the ratio T
•
/ω  is non-linear and it
accounts then for the relaxation of thermal stresses by hysteretic dislocation motion (solid
friction mechanism).
In Mg-1%CNTs and Mg-2%CNTs, the large hysteresis observed between damping
spectra obtained upon heating and cooling during the first thermal cycle can be explained as
due to the pinning of dislocations by impurities, which migrate towards the dislocation loops
during annealing at 480 K. The damping spectra upon heating during the subsequent cycles
remain approximately at the same level in each composite, with a slight decrease at high
temperature. A relaxation peak superimposed on an exponential background has been
observed in the mechanical loss spectra. Theoretical simulation shows that the relaxation peak
is strongly bound to the exponential background, because the restoring force, which acts on
the dislocation loop, weakens due to the thermally activated statistic jumps of the pinning
solute atoms.
This work has shown the feasibility of processing bulk metal matrix composites using
carbon nanotubes as interface modifiers and/or reinforcing phase.
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